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Abstract of the Thesis entitled 
"Soil column study on five H o n g Kong soils in purifying livestock slurry" 
submitted by N G SAI L E U N G 
for the degree of Master of Philosophy 
at the Chinese University of H o n g Kong in June 1991. 
Ten columns, of 3 m length, were packed with five commonly occurring 
soils from Hong Kong and were dosed with livestock slurry daily between 
August 1989 to December 1989, to study hydraulic and purification interaction 
between these soils and livestock slurry. Infiltration rates of the columns 
were daily monitored. Slurry and soil leachate were sampled weekly or 
biweekly and analyzed for eleven chemical parameters. There were 18 slurry 
observations and 600 leachate observations. 
Once slurry dosing had commenced, a clogging mat layer quickly 
developed. This led to a log-normal decrease in the infiltration rate that 
could only be recovered b y scarifying the infiltrative surface. 
» 
Volcanic soils with a lower infiltration rates resulted in excellent 
purification efficiency (more than 95% pollutant removal). Granitic soils with 
a higher infiltration rates also achieved a high degree of purification (more 
than 85% removal). Both infiltration and purification efficiency are important 
and should be jointed considered w h e n defining optimal disposal regimes. 
This study indicates that there were three main processes involved in 
the purification of slurry : degradation, soil retention and nitrification. The 
degree of purification varied significantly in response to soil type, soil depth, 
infiltration rate and the slurry concentration. O n the other hand, scarifying 
the infiltrative surface had no significant effect on the purification. 
• • • 
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The chemical properties of these soils were not significantly affected by 
the slurry addition. All soils used in thi^ study are capable of rapid 
recovery. 
Since the water table in the N e w Territories of H o n g Kong is often 
shallow (usually 1 - 1.5 m), it is recommended that the dosage rate of the 
soakaway must not exceed than 0.5 c m / d in order to achieve a safe disposal. 
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C H A P T E R I I N T R O D U C T I O N , 
1.1 B a c k g r o u n d 
T h r o u g h o u t history, untreated waste water w a s disposed of b y 
spreading it on cropped or u n c r o p p e d land. This practice, first used in 
Athens 2000 years ago, b e c a m e c o m m o n in G e r m a n y a n d England in the 
sixteenth century (N.E.B. 1977, E.P.A. 1977). Other earlier techniques of waste 
disposal s u c h as cesspits or cesspools are also land absorption m e t h o d s 
(Ideolovitch & Michail 1984). These simple disposal techniques were 
presumably m s p i r e d b y an early recognition of the absorptive a n d purifying 
capacity of soil. After the Industrial Revolution, m o d e r n large scale collection, 
treatment, a n d disposal techniques h a d b e e n introduced a n d the importance 
of land disposal s e e m e d to be faded out. Since large scale collection a n d 
disposal techniques m a y b e either impractical or expensive in the rural areas, 
land disposal offer an alternative. T h e use of s o a k a w a y trenches a n d beds, 
evapo-transpiratiDn systems, m o u n d a n d fill systems h a v e adopted for a 
variety of site specific requirements. 
In regulations of U.S.A. ( U S D H E W 1967), a simple clean water soil 
percolation test w a s used for assessing site suitability for land disposal. 
H o w e v e r , it w a s f o u n d to b e inadequate because hydraulic conductivity rates 
of the soils were continuously changing w h e n it w a s dosed with slurry ( B o u m a 
1982). It w a s difficult to estimate the capacity of the systems t h u s 
widespread failure of on-site systems occurred t h r o u g h the late 1950,s to 
1960,s. This p r o m p t e d detailed research a n d investigation into the 
performance of on-site systems. T h e result of this w o r k , mainly carried out 
in the U.S.A. Since the 1960’s it has b e e n proliferation of technical a n d 
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scientific information. This has centred around a better understanding of 
the complex inter-relationships that exist between, surface a n d subsoil 
conditions that affect satisfactory long term on-site disposal (Gunn 1988). 
Although the application of m a n u r e as a fertilizer and the d u m p i n g of 
poultry slurry on abandoned land are commonly practised in traditkmal 
Chinese farming, a rational approach to the design and operation of such land 
disposal has never been adopted in H o n g K o n g . Furthermore, the majority of 
pig farmers dispose of their slurry b y flashing it directly into streams 
without any form of treatment (E.P.C.O.M. 1980). W h e r e this practice has 
continued unabated, environmental problems such as declining water quality 
have developed. In 1989, the H o n g K o n g Environmental Protection Department 
( E . P . D . 1 9 8 9 C ) reveal that about 6 5 % of watercourses in the H o n g Kong's 
territory are polluted b y organic wastes. T h e indiscriminate disposal of 
livestock waste accounts for 70 % of total pollution load. T h e coastal marine 
environment is also u n d e r the threat from polluted stream water discharge 
(Hodgki^s 1979, Morton 1976, E.P.D. 1989b). It is estimated that some 60 to 
80 tonnes of pollution load, in terms of B O D , are discharged daily from the 
major watercourses into the coastal marine waters of H o n g K o n g (E.P.D. 1989c). 
Since land disposal continues to be the cheapest a n d simplest option for 
slurry disposal, the H o n g K o n g Environmental Protection Department advises 
pig farmers to dispose of pig slurry into a soakaway system (Anon 1982' 
Stokoe 1987). A soakaway system ijs a subsurface rapid infiltratiDn system 
which consists of a soakaway pit (cesspit) a n d a network of underdrains 
(E.P.D. 1987a,b). Via these underdrains slurry is distributed to infiltratbn 
fLslds a n d is purified in-situ. However, recent studies (Brownlie & Keith 1986' 
Craun 1984) indicate that, if the land disposal system is improperly operated, 
2 
waste can seep from the soakaway infiltration fields and ultimately reach 
surface or groundwaters. This situation highlights the need for a 
comprehensive study of the potential of the soakaway system. Hence the H o n g 
Kong Environmental Protection Department cooperate with the Geography 
Department of the Chinese University of H o n g K o n g a n d present project is 
undertaken. This project does not attempt to m a k e a comprehensive 
evaluation of soakaway as such. Rather, it provides a bask: understanding 
of slurry attenuation in soil column, the first stage towards such an 
evaluation. 
1.2 Objectives 
T h e purpose of this study is to interpret the m a n n e r of pollutant 
attenuation after slurry application to soil columns so as to assess the 
potential of various soil types for land disposal in H o n g K o n g . T h e objectives 
of the investigation are three-fold: 
1) To provide data on the pattern a n d rate of transformation, retention and 
transport of livestock faecal contaminants in soils; 
2) To investigate the efficiency of different soil types in treating pig 
slurry; and 
3) To study the relationship between the treatment efficiency and some 
operational factors, such as soil types, soil depth, dosage rate and time. 
1.3 Significance 
In H o n g K o n g , illegal disposal of pig slurry waste has become a serious 
problem a n d its impact on environment is enormous. Both pathogenic 
organisms and potentially toxic substances are present in H o n g K o n g streams 
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which constitute a possible risk to public health. T h e amenity value of the 
H o n g K o n g countryside is affected b y the unsightliness of m a n y of the 
streams a n d b y the smells which emanate from t h e m (Hodgkiss & Griffiths 
1987). Pollutants transported into marine waters via streams enhance 
eutrophicatijon a n d red tide (E.P.D. 1989b), a n d deteriorate the water quality 
of bathing beaches. Out of 42 gazetted public bathing beaches, only 9 are 
considered to have "good" water quality (E.P.D. 1988). For these reasons, an 
effective method of dealing with pig slurry needed a n d the results of this 
study would demonstrate the effectiveness of land disposal as a possible 
solution. 
Soil a n d site information had previously been used to describe the 
limiting factors of slurry spreading in N e w Zealand (Wells 1973) and Scotland 
(Gauld 1989). T h e same parameters have been measured for a representative 
range of H o n g K o n g soils so that general guidelines on the relative suitability 
of different soils for slurry acceptance can be determined. S u c h information 
is of crucial importance to the H o n g K o n g Environmental ProtectiDn Department 
to formulate environmental policy, planning a n d implementation. O n the other 
hand, the safe application of slurry at the farm level requires clear guidelines 
to assist farmers to determine the timing of application a n d dosage loading. 
In H o n g K o n g , the concept of soakaway represents a m o d e r n approach 
to older methods of slurry disposal. No previous effort has been undertaken 
to investigate the potential of land disposal a n d interpret the m a n n e r of faecal 
pollutant attenuation in H o n g K o n g . S o m e basic on-site studies of percolation 
test has been done (Grant 87, 88a, 88b, 89a, 89b), however, B o u m a (1971) 
concludes that percolation rates are: "physically iH-defmed" and Healy and 
Laak (1974) found that the percolation rate is not a measure of effective 
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absorption properties of a soil. T h e n percolation data are not useful and 
should not form the basis of recommendations and guidelines in environmental 
planning. A study of the potential of soakaway is thus urgently needed. 
1.4 Literature review 
Soil has a great capacity for receiving a n d purifying m a n y kinds of 
wastes a n d pollutants. Extensive reports, both laboratory (Hsieh et.al. 1981a, 
1981b, Stewart et.al. 1979, Simon & Magdoff 1979) a n d field (Whelan & Barrow 
1984a, 1984b, Rice & B o u w e r 1984, B o u w e r et.al. 1974a, 1974b, Kristiansen 1981a, 
1981b, B r o w n et.al. 1979), have s h o w n that most nitrogen, organk: material a n d 
faecal coliform bacteria could be removed b y proper m a n a g e m e n t of a soil-
waste system. 
Once slurry is loaded into a soil disposal system, it penetrates the 
subsoil via subsurface water flow. T h e change in the concentration of various 
contaminants as they m o v e through the soil matrix are dependent u p o n several 
processes and factors. T h e most important process is the degradatk>n of the 
contaminants (Thomas & Bendixen 1969, Carlson 1982) a n d die-off of pathogens 
(Reddy et.al. 1981) in the soil-waste system. Faecal contamination of the soil 
and subsequent entry of contaminants into a water supply d e p e n d on the 
retention of contaminants during the residence time in the soil a n d the 
likelihood of being transported b y groundwater. 
Schematic presentation of the contaminant cycle in land receiving sewage 
is s h o w n as Figure 1.1. T h e degradation process is defined as the 
irreversible b r e a k d o w n of contaminants into unpolluted materials. T h e y 
include biodegradation of the carbon loading, denitrification and precipitation 
5 
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Figure 1.1 C o n t a m i n a n t attenuation in soi l -waste system 
(source : modified from Reddy etal. 1981) 
Of phosphate, which can occur in both the unsaturated and saturated zone. 
The degradation rate more or less follows first order kinetics, and the kinetir: 
rate coefficients are frequently assumed to be constant (Reddy et.al. 1981, 
Crane et.al. 1980, Mi^ra et al, 1974), although their magnitude depends u p o n 
several soil environmental factors. McLaren (1971) suggested that these rate 
coefficients of are dependent upon the size of the microbial population 
responsible for the transformation. T h e population and activity of any group 
of microbes is determined, in part, b y the energy source available at a given 
depth in the soil profile (Magdoff et.al. 1974b). T h u s the magnitude of the 
kinetic rate decreases exponentially with depth, in a similar fashion to the 
organic matter content distribution in the soil profile (Tare & Bokil 1982). If 
the conditions necessary for the development and the survival of bacterial 
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populations responsible for these processes are maintained, the capacity of the 
land disposal system should not be exhausted and these processes should last 
indefinitely (Iderovitch & Michail, 1984). T h e degradation rate in the soil after 
application of wastes is one of the controlling factors in determining the 
a m o u n t of contaminants available for groundwater transport. 
T h e most important factors controlling the die-off rate of pathogens 
are soil temperature, moisture, and changes in soil reaction. A n increase in 
soil temperature is s h o w n to lower the survival rate or increase the die-off 
rate (McFeters & Stuart 1972, McFeters et.al. 1974). B o y d et.al. (1969) s h o w e d 
an increase in die-off rate with a decrease in soil moisture content on a fine 
sandy loam soil. Several organisms are k n o w n to survive better in a p H 
range 6-7, dying quickly under acid soil conditions (Ellis & McCalla 1976). 
T h e survival periods for several indicator bacteria of faecal poUution in water 
range from 30 minutes to several years (Parson et.al. 1975, Morrison & Martin 
1976). A n u m b e r of factors are k n o w n to influence the survival of pathogens 
in a soil-waste system: waste pretreatment (Hardee 1975)' sunlight (Ellis 6. 
McCalla 1976, VenDonsel et.al. 1967), p H (Noonan et.al. 1988), existing antibiotics 
and toxic substances (Grossard 1952), competitive organisms (Hutchinson et.al. 
1943), available nutrients (Klein & Casida 1967), method and time of application 
of waste (Giddens et.al. 1973) and soil type. 
Another important process that controls the availability of the 
contaminants in the soil waste-system is soil adsorption or retention 
characteristics. Retention involves physical and physio-chemical processes and 
it is difficult to quantitatively separate them. Physical processes (Idelovitch 
& Michail 1984) mainly refer to the filtration of suspended and colloidal matter, 
including bacteria (Krone 1968), which takes place in the top soil layer, and 
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which is similar to what occurs in slow-sand filters. It lasts indefinitely, but 
involves periodic cleaning to maintain the infiltration capacity. Physkro-
chemical processes include precipitation (Nagpal 1985), cation exchange and 
adsorption (Sawhney & Hill 1975), which remove phosphorus (Lance 1977), 
boron, sodium a n d potassium (Jong 1978), trace elements and some organic 
c o m p o u n d s . Theoretically, these processes have a limited lifetime ： w h e n the 
capacity of the system is exhausted, breakthrough of the pollutants occurs. 
However, for some pollutants (phosphorus a n d trace elements), the chemix^al 
process m a y last so m a n y years that, from a practkral point of vi^w, they m a y 
be considered unlimited. 
In general, the retention of phosphorus a n d bacteria increases with an 
increase in clay content, cation exchange capacity of the soil and specific 
surface area (Marshall 1971, B u r g e & Enkiri 1978). T h e equilibrium 
concentration of phosphorus a n d pathogens in the soil solution is sensitive to 
soil reaction p H w h e n increased above 7. At these levels the fraction of 
pathogens and phosphorus retained b y the soil decreases markedly. 
Alternatively an increase in cation concentration of the water increases the 
retention capacity of the soil for pathogens and phosphorus (Sawhney & Hill 
1975). T h e capacity of a soil to remove contaminants increases with a 
decrease in the soil water content (Drewey & Eliassen 1968, Gerba et.al. 1975). 
1.5 Scope a n d approach of the study 
Studying the m o v e m e n t of pollutants in soil m a y be broadly approached 
in two w a y s : b y controlled laboratory tests or b y field tests (Fuller & 
Warrirk 1985). For the slurry disposal problem discussed earlier, a controlled 
laboratory approach was more suitable for several reasons: 
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1) short term, quick, reliable, non-complex methods are desired; 
2) In-situ field tests are both time consuming and expensive; 
3) In-situ field soils are highly heterogeneous. Gross natural variations 
occur, such as cracks, restrictive subsoil layer, rodent channels and 
pipings. Therefore, a large n u m b e r of tests are usually required to 
arrive at acceptable answers; 
4) Reliable field tests cannot be undertaken without trained m a n p o w e r ; a n d 
5) Climatic and microclimatic conditions are highly variable under field 
conditions. 
A m o n g the existing experimental tools, the soil column technique offers to be 
the most promise to generate the kind of data necessary for predictive 
purposes (Fuller & Warxick 1986). 
A soil column study is a system which simulates the vertical dimension 
of soil profile (Magdoff et.al. 1974a); a k n o w n depth of soil fill is dosed with 
a k n o w n volume of sewage. Soil leachate samples can be collected at various 
depth and analyzed - the c h a n g e in concentration of the solution is measured 
as a function of depth. Slurry is dosed periodically a n d the breakthrough 
characteristics can be determined. T h e soil-column technique has the 
advantage of screening a large n u m b e r of soils of wide variability for 
pollutant attenuation while avoiding the multitude of problems associated with 
field conditions. Researches have been s h o w n that some chemical and 
biological parameters determined in soil columns can provide good models of 
the field system (Lance & Whisler 1972, Lance et.al. 1973, Simons et.al. 1988). 
T h e data can be used in two w a y s : 
a) Directly for prediction purposes; and 
b) Indirectly through the development of rate equations. 
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For this study, a total of 10 columns were constructed using five 
different kinds of soil. Each soil column is a unit of study and can be 
regarded as a wastewater treatment plant. Such columns simulate only the 
vertical m o v e m e n t of pollutants within the soil system. Also, the site 
specifications and the change of soil structure during column packing mean 
that the laboratory results cannot be directly extrapolated to field conditions. 
Field measurements are still necessary for making adjustments to local 
conditions. Nevertheless , for reasons outlined above, the study of pollutant 
attenuation in columns provides an excellent foundation for a broader study 
of soakaway use potential in H o n g Kong. 
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C H A P T E R II M E T H O D O L O G Y 
This chapter describes and explains the experimental design, the routine 
operation of the experiment, the maintenance of the facilities and the sampling 
schedule. 
2.1 Conceptualization 
Slurry pollutants infiltrate through soil via sub-surface water. T h e 
study of the transfer mation of the pollutants should begin with a 
conceptualization of the g r o u n d water m o v e m e n t a n d pollutant transformation 
processes. 
In the unsaturated zone, void space exists and the water pressure in 
this zone is normally less than atmosphere. T h u s surface water is "sucked" 
in the space under tension. T h e corresponding negative pressure in soil is 
called soil tension or soil suction. T h e flow in the unsaturated zone is 
tortuous that water travels along surfaces a n d through pores sufficiently 
small to retain water at the prevailing moisture tension. T h e flow velocity 
normally do not exceed 0.3 m / d . In the saturated zone, the pathway of 
groundwater flow is more direct and its velocity usually less than 2 m / d 
(Lewis et.al. 1982). 
A s slurry flow through the soil, it is purified b y a series of biochemical 
and physical purification processes. Physical processes are the filtration of 
suspended and colloidal matter including bacteria. Physico-chemical processes 
are precipitation, cation exchange, and adsorption, which remove phosphorus, 
trace elements and some organic c o m p o u n d s . Biological processes are 
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b r e a k d o w n of organic substances, nitdfLcation a n d denitrifLcation and 
recarbonation of high-pH substances b y bacterial activity (Idelovitch & Michail 
1984). Slurry that is not sufficiently purified during soil percolation (both 
in unsaturated and saturated zones) m a y result in bacterial and chemix^al 
pollution of ground water which m a y create health hazards or eutrophdjcation 
problems (Bosch et.al 1950, Viraraghavan & W a m o c k 1976, Crabtree 1972, 
Craun 1984). 
Since the degree of purification is correlated to the residence time of 
slurry in the soil, the purification processes occur mainly in the unsaturated 
zone. However, a certain degree of purificatiDn can still be achieved in the 
saturated zone. For this reason, the flow of pollutant and the accompanying 
changes in its concentrations should be examined in both the unsaturated 
and saturated zones. 
In H o n g K o n g , water table is usually within 1 - 1.5 m of the surface 
(Grant 1988a). With this in mind, 3 m long soil columns were used in this 
study, in such a w a y that the u p p e r 1 m remained unsaturated whereas the 
lower 2 m remained saturated to represent both the unsaturated and saturated 
regimes of the soil. This is equivalent to the "worst possible case" scenario 
in which the level of the water table is only 1 m beneath the soakaway pit. 
2.2 Soil Characteristics 
2.2.1 Site selection 
Soil were selected on the basis of two criteria : geology (parent 
material) and geomorphology (soil formation process). Granite and volcanic 
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rock are the two most c o m m o n rocks in H o n g K o n g , embracing more than 90% 
of the total area (Peng 1983, Allen & Stephen 1971) (Figure 2.1). T h u s soils 
were chosen to represent both granitic and volcanic environments. F r o m 
these geologies samples were then chosen from three geomorphological 
environments, as recognized by Grant (1983). T h u s 6 distinct types of soils 
were initially selected (Table 2.1). 
Table 2.1 T h e soils chosen for the research 
In situ soil (GI) 
Granitic soil- Footslope soil (GF) 
L Alluvial soil (GA) 
6 soils — 
In situ soil (VI) 
Volcanic soil- Footslope soil (VF) 
_ Alluvial soil (VA) 
In-situ soil refers to the residual deposits. It commonly occurs as 
residual hills emerging through the valley floor deposits of transported 
material. Often lose at the surface, the soils rapidly become dense to very 
dense with depth (Grant 1988b). 
C o U u v i u m comprising materials that have m o v e d downslope mainly u n d e r 
the influence of gravity (Burnett 1984, B e g g s 1984). It is generally deposited 
as lobes extending across the lower slopes of hills (footslope) and m a y extend 
out into an alluvial plain at the base of the hills. C o U u v i u m covers a wide 
range of particle sizes from large boulders to clay a n d is generally an 
admixture of these particles. 
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Alluvial deposits comprising materials that have been transported by 
river (Burnett 1984, B e g g s 1984)• T h e typical landforms are alluvial terraces, 
alluvial plain and active flood plain. 
Geologic and relief m a p s were examined to locate several potential sites 
: f o r each of the above mentioned soil environments. Each sites was then 
examined for : 
1) A well characterized profile; 
2) Absence of h u m a n activity, e.g. agriculture, dumping； 
3) A clearly defined geomorphological environment, i.e. in-situ, coUuvial or 
alluvial; a n d 
4) Accessibility; 
T h e sites finally chosen are illustrated in Figure 2.2. 
2.2.2 Descriptions of soils for investigation 
T h e soil profile description, soil physical a n d chemical properties each 
site are s h o w n in Tables 2.2-2.3 respectively. 
a) Granite in-situ soil 
T h e granitic in-situ soil was collected from Tai T o n g , Y u e n Long. T h e 
site was located on the top of a small hiH where transport of soil would have 
been minimal. It was a typical red podzolic profile with an absence of an O 
horizon and an extensive B horizon. Also some heterogrannules or semi-
weathered structures were found in the lower layer. Based on the United 
Stated Department of Agriculture ( U S D A ) soil textured classification system it 
is a sandy clay soil (Figure 2.3). 
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Table 2.2 The soil profile description of the sampling sites 
Soil L o c a t i o n S a m p l i n g H o r i z o n H u e / V a l u e / C o l o u r H o i s t L a n d f o r m 
d e p t h (cm) C h r o m a f e a t u r e 
GI Tai Tong 20 A lO Y R / 5 / 8 y e l l o w i s h high c u t s l o p e 
brovn e x p o s u r e 
60 B 7 . 5 Y R / 5 / 8 s t r o n g m e d i u m 
brown 
150 B 7. 5 R / 5 / 8 s t r o n g m e d i u m 
brown 
GF Tai Tong 20 B 2.5 Y / 6 / 6 o l i v e h i g h fan d e p o s i t 
yellow 
40 B 2. 5 Y / 6 / 6 o l i v e m e d i u m 
yellow 
90 B 2. 5 Y / 6 / 6 o l i v e m e d i u m 
yellow 
GA Tai Tong 18 A 2.5Y / 5 / 4 light o l i v e h i g h a l l u v i a l 
brown t e r r a c e 
35 B 2. 5 Y / 4 / 2 d a r k m e d i u m 
greyish 
b r o w n 
60 B 2. 5 Y / 5 / 2 g r e y i s h m e d i u m 
b r o w n 
n W a n g Toi 33 B 7. 5 Y R / 5 / 6 s t r o n g m e d i u m e x p o s u r e of . 
Shan brovin a hill top 
60 ‘ B 5YR/ 5 / 8 y e l l o w i s h m e d i u m 
red 
90 B 5YR / 5 / 8 y e l l o w i s h m e d i u m 
red 
VF Kara Tsin 35 B 5YR / 5 / 8 y e l l o w i s h m e d i u m fan d e p o s i t 
red 
85 B 7 . 5 Y R / 6 / 8 r e d d i s h m e d i u m 
yellow 
120 B 7 . 5 Y R / 5 / 8 r e d d i s h m e d i u m 
yellow 
VA Sheung Che 20 A 5Y/4/ 3 o l i v e m e d i u m a l l u v i a l 
40 B 2.5Y / 5 / 4 light olive m e d i u m t e r r a c e 
b r o w n 
60 B 2 . 5 Y / 5 / 4 light o l i v e m e d i u m 
b r o w n 
N o t e : the m o i s t d e g r e e of the soil w e r e only e s t i m a t e d r o u g h l y by fe e l i n g 
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Table 2.3 The physical and chemical properties of field soils 
Soil Place D e p t h BD P o r o . G S D ( I ) d l O d 5 0 UF pH C o n d . T O C T N T P 
(cl) (%) gra v e l s a n d s i l t c l a y (um) (U K I ) (%) (uS) (ppm) (ppm) (PPIN) 
>2iiiin .06- 2 u m - <2uin 
2 ram .06inin 
n T.i 20 1 39 49 5 1 4 40.6 18.0 40.0 <1 0.02 N/A 4.20 15 10450 281 32 
/ 啊� fo l . S ！!：； 30.4 12.0 31.0 <1 G . 3 1 N / A 4 2 。 3 5 二 6 105 36 
150 1.63 40.7 23.0 36.0 10.0 31.0 <1 0.18 N / A 4.34 37 3874 U 32 
GF Tai 20 1.46 46.9 6.9 55.6 16.7 20.8 <1 0.17 N/A 4.34 21.5 5160 159 15 
Tong 40 1.67 3 U 17.9 48.6 13.3 19.7 <1 0.33 N/A 4.3� . 。�
90 1.65 40.0 22.4 55.6 11.3 10.7 1 . 4 0.51 67 9 4.47 22.5 2668 26 U 
GA Tai 18 1 59 42 2 5.6 81.4 6.0 7.0 16 0.75 55 4.63 40 4288 102 130 
GA l i s ! !S.4 4.3 57.7 21.0� 1 7‘。 < 1 0.13 N/A 4.47 “ 8805 170 231 
60 1.67 39.3 26.3 65.7 3.0 5.0 80 1.15 14 4.75 44 3143 120 7 4 
VI Hang 33 1.50� . ， 
Toi 60 1.62 Not D e t e r m i n e d 
Shan 90 1.65 
VF K a n i ^ 1 . 6 9 38.6 34.0 39.0 17.5 9.5 2.25 0.64 622 4.22 50 15557 382 53 
Tsin 85 1.71 37.5 5.9 51.3 28.5 14.3 1 0.10 220 4.19 41 14771 408 54 
120 1.66 35.6 '5.6 52.9 28.3 13.2 1.25 0 . 11 200 4.24 51 H 4 7 9 394 52 
n Sheung 20 1.68 19.2 1.0 5 4 . 0 38.0 7.0 3.2 0.07 42 5 18 50 11332 369 785 
Che 40 1.72 23.9 0.8 54.2 29.5 15.5 <1 0.08 N / A 5.01 41 3515 134 254 
60 1 . 77 23 . 7 0 .6 65.4 23.2 10.8 1.6 0.02 231 5.05 45 2573 78 123 
Lege n d : BD - Bulk d e n s i t y 
P o r o . - Total p o r o s i t y 
GSD - Grain size d i s t r i b u t i o n 
dlO - E f f e c t i v e d i a m e t e r 
‘ (150 - M e d i u m d i a m e t e r 
UF - C o e f f i c i e n t of u n i f o r m i t y { d6 0 / d l 0 ) 
C o n d . - Soil e l e c t r i c a l c o n d u c t i v i t y 
TOC - Soil total o r g a n i c carbon 
TN - Soil total n i t r o g e n 
TP - Soil total p h o s p h o r u s 
Note : 1/ N/A m e a n s "could not be d e t e r m i n e d " . 
2/ S i n c e VI was e l i m i n a t e d by the p e r c o l a t i o n t e s t , no l a b o r a t o r y soil a n a l y s i s had been d o n e . 
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Figure 2.3 Grain size distribution of 
Granitic In-situ (GI) soil 
% finer by "weight 
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b) Granitic footslope soil 
This soil w a s also collected from Tai T o n g , Y u e n L o n g . This site w a s 
located at a fan deposit comprising rock, boulders a n d debrijs at the base of 
a granitic hills. T h e hill w a s extensively vegetated with an occasional Chinese 
grave. It is s a n d y clay loam (Figure 2.4), olive yellow in colour a n d the soil 
matrix w a s structureless. N o clear stratification could be seen. This is a 
typical of a coUuvial deposit. 
c) Granitic alluvial soil 
This soil w a s collected from an alluvial terrace 40 m from the Tai T o n g 
River. T h e site was a typical a b a n d o n e d p a d d y field a n d was covered b y 
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Figure 2.4 Grain size distribution of 
Granitic Footslope (GF) soil 
% finer by weight 
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Figure 2.5 Grain size distribution of 
Granitic Alluvial (GA) soil 
% finer by weight 
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a b u n d a n t grasses at that time. T h e top 20 c m was a greyish sand (ploughed 
horizon), the next 10 c m was brownish sandy loam a n d the next 30 c m a light 
grey sand. Based on the U S D A system, it ij3 classified as sandy loam (Figure 
2.5). 
d) Volcanic in-situ soil 
This soil was collected from W a n g Toi Shan, Pat H e u n g . It was an 
exposure at a hill-top. Close to the sampling site (5 m away), there was a 
semi-weathered d y k e intrusion, evident that this was an in-situ soil profile. 
e) Volcanic footslope soil 
This soil was collected from K a m Tsin, S h e u n g Shui. T h e site was a fan 
deposit located toward the end of a gentle hill. T h e soil was collected from 
a cutslope exposure. Based on the U S D A system, it is classified as a sandy 
loam with predominantly sand (Figure 2.6). 
f) Volcanic alluvial soil 
T h e soil was collected from S h e u n g Che, Pat H e u n g . It was a distinct 
alluvial terrace with well stratified layers. T h e land use before might be 
agricultural land but it was abandoned at that time. T h e sampling point was 
about 10 m a w a y a small river channel. T h e water table was about 120 c m 
below the ground surface. T h e top 20 c m was greyish ploughed layer and 
next 50 c m was yellowish b r o w n silt layer. Based on the U S D A system, it is 
classified as loam soil (Figure 2.7). 
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Figure 2.6 Grain size distribution of 
Volcanic Footslope (VF) soil 
% finer by iveight 
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Figure 2.7 Grain size distribution of 
Volcanic Alluvial (VA) soil 
% finer by weight 
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2.3 Preliminary Percolation Test and Soil Preparation 
A percolation test to determine the water absorption capacity of these 
six soil was used to screen out unsuitable soils for investigation. A hole, 100 
cm^ 0.5 m depth, was first d u g . T h e n water to a depth of 15 c m was poured 
into the hole. This was allowed to infiltrate a n d drain completely a w a y . At 
that time, it was assumed that the soil surrounding the hole was fully 
saturated. T h e hole was then filled with another 15 c m depth of water and 
the time for water to seep completely a w a y was observed. Site requiring > 
120 minutes for 15 c m of water to seep completely was considered as not 
suitable for soakaway trials. This technique is standard method of civil 
engineering for determining the loading rate of a seepage field (Ingram 1983). 
T h e results are s h o w e d as Table 2.4. Since B o u m a (1982) and Conta et.al. 
(1985) indicated that the percolation rate is not a measure of effective 
absorption properties of a soil, it can only be used as a screening procedure 
to eliminate grossly unsuitable sites. 
O n the basis of this test, the volcanic in-situ soil was eliminated from 
further study because it would undoubtedly cause hydraulic failure and 
clogging during the experiment. At the remaining sites, three samples were 
collected at each site from the depths indicated in Table 2.2. 
Selected chemical and physical parameters of the soil were then analyzed 
at the Chinese University of H o n g K o n g . Gravels larger than 1 c m diameter 
were sieved out a n d natural soil aggregates destroyed. T h e three samples 
from varying depths at each site were then mixed a n d air dried. 
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Table 2.4 T h e in-situ percolation test of the soils 
Percolation time in minute 
Soil T y p e Code Location for water to fall 15 c m 
Granitic in-situ GI Tai T o n g , 30 
Y u e n L o n g 
Granitic footslope G F Tai T o n g , 5 
Y u e n L o n g 
Granitic alluvial G A Tai T o n g , 32 
Y u e n L o n g 
Volcanic in-situ VI W a n g Toi Shan, >150 
Pat H e u n g 
Volcanic footslope V F K a m Tsin, 40 
S h e u n g Shui 
Volcanic alluvial V A S h e u n g Che, 22 
Pat H e u n g 
2,4 Column Design 
P V C columns totalling 3.4 m in length with 15 c m internal diameter 
and 1 c m wall thickness as s h o w n in Figure 2.8 were used. A total of 10 
columns were constructed using the five different fill materials (Table 2.5). 
T h e columns were designed as L-shaped so as to fit into the store room. 
Table 2.5 T h e arrangement of fill materials 
Soil material No. of columns Coding 
Volcanic footslope 1 V F 
Volcanic alluvial 3 VAl-3 
Granitic in-situ 1 GI 
Granitic footslope 1 G F 
Granitic alluvial 4 GAl-4 
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T h e columns were packed as close to the natural bulk density of the 
soil as possible. T h e packing procedure was done segment by segment that 
this could be achieved. Care was taken so that minimal open space was 
trapped between the soil and the column walls to prevent short circuiting of 
the slurry. 
A b o v e the soil materials sat 20 c m of gravel, with a particle diameter 
form 1 to 3, c m and a site tube to drain off residue slurry. A splash plate 
was installed at the top of each column. T h e function of the splash plate was 
to uniformly distribute the slurry over the soil surface, to prevent the 
m o v e m e n t of soil during waste water pouring a n d to screen out the "visible" 
or larger solid wastes contained in the slurry. 
T h e columns were constructed to maintain an unsaturated zone 
(approximately 1 m ) overlying a saturated zone. To create this saturated 
zone, water was initially conducted into the column via the outflow drainage 
at the lower end of the column. T h e advantages of such an arrangement 
were: 
1) control the rise of the water table; 
2) expel pore air to leave no "dead" space; a n d 
3) prevent wash u p / d o w n of fine particle during water filling. 
In practice a capillary fringe existed above the upper b o u n d a r y of the 
saturated zone s h o w n in Figure 2.8. T h e height of this capillary fringe was 
texture dependent and thus varied a m o n g the columns. T h e boundary of the 
saturated zone was the artificial water table a n d the height of it was 
maintained b y adjusting the outflow device. 
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2.5 Routine Qperatijon 
T h e columns a n d its axiUaries were installed at an experimental farm 
of H o n g K o n g Environment Protection Department (EPD). T h e columns was 
dosed daily at noon b y E.P.D. staff with pig slurry collected from a pighouse 
on the farm. T h e pig slurry had not undergone any treatment before being 
used. Selected chemical a n d physical properties of slurry were then 
monitored. 
T h e initial dosing rates were determined from field percolation test 
results (Table 2.6). For the column GA2, the slurry was diluted by an equal 
volume of water. This allows for the effects of varying loading concentrate 
to be studied. Because of changing infiltration rates, the dosing rate of the 
10 column soon exceeded their accommodation capacity. For all intents and 
purposes all column maintained m a x i m u m loads throughout the experiment. 
Table 2.6 T h e dosing rate of the columns 
Soil material Coding Loading (ml/day) 
Volcanic footslope V F 700 
Volcanic alluvial V A l 150 
Volcanic alluvial V A 2 300 
Volcanic alluvial V A 3 500 
Granitic in-situ GI 750 
Granitic footslope G F 2300 
Granitic alluvial G A l 400 
Granitic alluvial G A 2 800 
Granitic alluvial G A 3 1600 
Granitic alluvial GA4 800 
note : G A 2 column was dosed with 400 ml slurry plus 400 ml water daily 
from 4 A u g 1989 to 27 Oct 1989. 
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since the performance of the soil in dealing with pollutants varies with 
temperature, the ambient temperature was kept at 20 ± 2。C for the duration 
of study. The fluctuation of temperature was monitored b y a data logger 
which automatically took records every hour. Insecticide was applied to the 
ambient air bi-weekly to prevent the outbreak of insect growth, hence 
reduced the chance of pathogen transmission. 
2.6 Sampling Procedure 
Drain holes for the collection of soil solution sample were installed at 
the following depths as measured from the top of the soil layer: 20, 50, 80, 
110, 205 and 300 c m . The first three sampling points represented the 
unsaturated zone whereas the latter three the saturated zone. In the 
saturated zone, the soil water freely drained due to gravitational pull. In the 
unsaturated zone, porous rods 10 c m long and 2.5 c m in diameter were used 
for sampling. At each sampling, the rods are applied with a -15 inch H g 
suction which was generated by a v a c u u m p u m p controlled b y a microcomputer 
program. 
At each soil water sampling time, the v a c u u m p u m p s were switched on 
by a microcomputer 12 hours after the dosing of the day. The program 
mediated the suction first to drain hole 1 (20 c m ) on all columns, then to 
drain hole 2 (50 c m ) and finally to the drain hole 3 (80 cm). The suction time 
at each level was 5 minutes, after which the columns rested for 45 minutes 
to allow the soil water in the vicinity of the porous rod to equilibrate. This 
procedure was repeated on two further occasions to complete the sampling 
process of the unsaturated zone. Whenever the amount of soil water was 
found to be insufficient, extended suction by manual means was applied to 
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ensure that there was e n o u g h sample for analysis. The time needed for 
sampling the saturated zone was dependent on the water holding capacity and 
percolation rate of the soil and thus varied a m o n g the columns. 
2.7 Time Schedule of the Experiment 
T h e experiment run for 4 months (120 days), from 4 A u g . to 1 Dec. 1989. 
Soil leachate samples were first collected on the fourth day, then weekly for 
three weeks and fortnightly thereafter. Selected physical a n d chemicals 
parameters were analyzed in the Environmental Laboratory of the Chinese 
University H o n g K o n g . There were 11 sampling dates in total. T h e slurry 
was collected weekly and analyzed in the same manner. There were 17 slurry 
samples in total. 
Since the infiltratLon rate of the columns were continuously decreased, 
removal and washing of the gravel layer without disturbing the underlying 
soil had been done on 15 Sept. 1989. Following the failure of this process to 
increase infiltration rates, raking with scarifying the top 1 c m soil was 
undertaken on 27 Oct. 1989. 
O n 27 Oct. 1989, a transparent column was packed with Volcanic Alluvial 
soil to investigate the formation of the clogging layer. T h e daily loading of 
this column was 700 ml. 
At the end of the study, selected columns were unsealed and samples 
of soil at differing depth were sampled and analyzed for chemical properties. 
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C H A P T E R III A N A L Y T I C A L M E T H O D S 
The purpose of this chapter is to describe the field and laboratory 
methods for parameter determination. T h e precision of a measurement is to 
a large extent dependent u p o n the reliability of the method used. 
3.1 Soil Characteristics 
At the time of soil collection, additional sample was collected to examine 
the physical and chemical characteristics of the natural soil profile. 
T h e soils were returned to the c a m p u s , allowed to air dry and prepared 
for column packing. A small a m o u n t of soil sample was isolated for 
determining the physical a n d chemical properties of the soil before the 
experiment. After the experiment, column GI, G F , VAl, G A 3 and GA4 were 
unsealed. Soils of 5/10, 15, 20, 30, 45, 55, 67, 85, 100, 120, 140, 160, 180, 230, 
260 and 280 c m depth were sampled and selected physical and chemical 
parameters were determined. T h e analytical items of the soil samples are 
summarized in Table 3.1. 
a) Bulk density a n d total porosity 
T h e core method was used for determination of bulk density. With this 
method, a cylindrical metallic sampler was pressed into the soil to the desired 
depth and was carefully removed to preserve a k n o w n volume of sample as it 
existed in situ. T h e soil sample then was dried to 1 0 5 o v e r n i g h t a n d 
weighed. Bulk density was the over-dried mass divided b y the field volume 
of the sample. 
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Table 3.1 The analysis of soil samples (summary) 
Parameter Field Before After 
soil experiment experiment 
Soil description + 二/力 
Bulk density + 二 
Total porosity + ； 
Water content + N/A + 
Particle size + + � 
die + ： ： 
d s o� t� t + 
Soil reaction pH + 丁 + 
Soil conductivity + + + 
T O C + + 丄 , + + 
TN + 十 丄 
, 4 - + 
TP + t 
‘ Legend : + analysis performed, 
N/A analysis not performed, 
* calculated value 
^ M s 
Db = bulk density 
Ms = mass of soil sample 
Vb = bulk volume of soil sample 
The core was 5 c m in diameter and 5 c m in height, providing a volume of 
98.17 c m l The core method proved satisfactory in this study because no 
occasional stone was present in the soil (Blake 1965). 
Total Porosity (Pore volume) VQ is defined as the percentage of the bulk 
volume not occupied by the solids' that is, 
Dh 
Vo 二 （� 1� _� )�100� %�
VQ = pore volume 
Db = bulk density of soil 
p = particle density, assumed 2.75 M g m 
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b) Soil descriptions 
T h e main purpose of a soil description was to give an indication of the 
likely engineering properties of the soil. In this study, the following 
characteristics were described: 
1) Colour 
Using a Munsell soil colour chart, three variables, namely hue, value and 
chroma of the fresh (moist) soil were examined in-situ. All the soil 
samples were observed in their natural state (G.C.O. 1988). 
2) Structure 
T h e structural characteristics, including the type of bedding, the 
arrangement of the beds, and the spacing between bedding planes, were 
described (G.C.O. 1988). 
3) T h e state of weathering 
There was a clear distinction between the weathering of transported 
soils and the weathering of rocks in-situ. For the in-situ soil, the 
description was mainly established on the basis of differing proportions 
of rock and soil and the presence or absence of mass structure. For 
the transported soil, it was based on the overall discoloration of soil 
and degree of decomposition of gravel and larger particles (G.C.O. 1988). 
c) Water content a n d degree of saturation 
T h e gravimetric method was used to measure soil water content (Gradner 
1965). 
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M w - M d „ 
e : ^ ” — 100 % 
M d 
9 = water content 
M y 二�mass� of wet soil 
Md = mass of dry soil 
In theory, the degree of saturation can be calculated by dividing the 
water volume of a soil by its total porosity. In practice, the degree of 
saturation was obtained by dividing the water content of the unsaturated 
sample by the water content of the saturated one. 
S = P 1 0 0 % 
S 二 degree of saturation 
9u = unsaturated water content 
83 = saturated water content 
d) Particle size distribution 
A combined analysis, employing both sieving a n d hydrometer methods, 
were used in this study (Lambe 1956). Approximately 50 g air dry soil was 
deflocculated using 50 ml 0.5 N NaP03 solution. T h e n the paste was washed 
through a U.S.A. standard No. 160 sieve (0.1 m m opening). T h e suspension 
passing the sieve was diverted to a graduated jar and filled to the 1000 ml 
mark with deionized water. Soil retained on the sieve was oven-dried and 
then sieved. Another approximately 10 g soil was used to determine of the 
oven-dry-weight. 
Returning to the hydrometer method, after stirring the soil suspension 
with a stirrer for approximately 30 seconds, the hydrometer was inserted into 
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the suspension and the readings taken at total elapsed times of i, 1, 2, 4, 8, 
15 minutes, J, 1, 2, 4, 8 hours and 1, 2 days. T h e ambient environment was 
isolated a n d kept constant to minimize temperature variations, to retard 
evaporation a n d to prevent the collection of dust for the air. A hydrometer 
the in specific gravity range of 0.995 to 1.030 proved to be satisfactory for 
this soil testing. T h e effective diameter (dg) a n d the percentage finer (N%) 
was c o m p u t e d from Stokes’ equations. T h e hydrometer readings were 
converted for meniscus adjustment, temperature adjustment a n d deflocculant 
adjustment and the particle density was a s s u m e d as 2.75 Mgm"^. 
一 ， 9 L n 圣 
dE� =� ( 了� — T "� g� (�ds� -� d w� ) )�
dg� = effective diameter 
L = effective elapsed depth 
t = elapsed time 
n = viscosity of water 
g = gravitational acceleration 
ds = particle density 
dy = water density 
= — ^ 1 0 0 % 
二 percentage finer than 
R = adjusted hydrometer reading 
W 二 weight of soil 
A nest of sieves with 2 m m , 1 m m a n d 0.25 m m openings was used to 
sieve the soil, using a mechanical shaker for 10 minutes. B y weighing to 0.01 
g each sieve a n d the pan with the soil retained on them, percentage finer 
than the sieve sizes could be calculated out. T h e results of a grain size 
analysis were presented in the form of distribution curves (as in Figure 2.2 
to 2.6). 
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T h e grain parameters, effective size (dio), mean grain size (CISQ) and 
sorting or uniforimty coefficient (d^Q / dig) are determined from the grain 
size distributiDn curve. diQ, dso a n d dgg are the diameters of particles 
w h e r e b y 10, 50 a n d 60 % are finer than b y weight. According to L a n g g u t h 
a n d Voigt (cited from Jessen 1988), effective size and sorting are the two 
grain size parameters that best explain the hydraulic conductivity. 
e) Soil reaction p H & soil electrical conductivity determination 
Approximately 10 g soil was first mixed with 50 ml distilled water 
(soil: water ratio 1:5), then the soil reaction pH was measured using an Orion 
Model 940 Ion Analyzer with a p H electrode a n d conductivity m e a s u r e m e n t was 
m a d e on a Radiometer C D M 2 conductivity meter with conductivity electrode. 
f) Total organic carbon (TOC) determination 
Total organic carbon was measured b y the Walkley-Black method which 
involved the digestion of soil in an excess of chromic acid a n d the subsequent 
titration of the excess oxidizing agent. Although it is simple a n d convenient, 
the technique provides incomplete oxidation of carbon (60 to 86% C recovery), 
for which a multiplying factor of 1.30 was used (Nelson & S o m m e r 1982, 
Jackson 1958). 
g) Total nitrogen (TN) determination 
T N was determined b y the Semimicro-Kjeldahl method in which nitrogen 
in the sample was first converted to a m m o n i u m (NH4+) b y concentrated 
sulphuric acid digestion, using selenium and copper sulphate as catalysts. 
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T h e digest was mixed with concentrated sodium hydroxide and then distilled 
with steam. A m m o n i a gas was liberated a n d then absorbed by boric acid, fixed 
nitrogen indicator mixture. T h e distillate was titrated with standardized 
diluted hydrochloric acid (Bremer 1965). 
h) Total p h o s p h o r u s (TP) determination 
Total p h o s p h o r u s content was determined b y the HCIO4 - extraction 
method in which the p h o s p h o r u s in the sample was extracted in the form of 
orthophosphate (PO4) b y digestion with perchloric acid a n d concentrated 
sulphuric acid mixture. T h e P concentration of the solution was then detected 
colorimetrically. T h e Phosphomolybdate method ( M u r p h y & Riley, 1962) is 
specific for the orthophosphate form of phosphate a n d an intense blue complex 
is developed. PO4-P concentration was determined b y the ultraviolet 
Spectrophotometric Method (A.P.H.A. et.al. 1971) a n d absorbency was measured 
on a S H I M A D Z U Spectrophotometer at a wave-length of 882 u m (Olsen & 
S o m m e r s , 1982). T h e quartz cells were tested a n d matched before 
measurement. T h e absorbance value was converted into equivalent phosphate 
using a standard calibration curve. 
3.2 Soil Leachate and Slurry 
In order to grasp a clear picture of faecal pollutant attenuation in the 
columns, both chemical a n d biological analysis of the input (slurry) a n d output 
(soil leachate) were undertaken. Eleven parameters were measured : 
1) p H , 
2) Specific conductivity, 
3) Total inorganic carbon (TIC), 
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4) Total organic carbon (TOC), 
5) Biological oxygen d e m a n d in five days (BOD5), 
6) Escherichia coli coli) enumeration, 
7) Total nitrogen (TN), 
8) Ammonia-nitrogen (NH4-N), 
9) Nitrate-nitrogen (NO3-N), 
10) Total p h o s p h o r u s (TP), 
11) Phosphate-phosphorus (PO4-P) 
500 ml glass a n d 100 ml polyethylene bottles were used for the collection 
of soil water samples and slurry respectively. T h e bottles were cleansed 
thoroughly, then rinsed with distilled water a n d sterilized for 45 minutes at 
a temperature of 1 7 0 b e f o r e each collection. All slurry samples were 
returned to the laboratory a n d analyzed immediately. All soil leachate samples 
returned to laboratory were analyzed immediately for ^ coli, TIC, T O C , BOD5, 
p H and conductivity. NH4-N, NO3-N a n d PO4-P measurements were completed 
on the following day. T h e digestion of TN a n d T P was done on the day of 
collection and the concentration were determined within four days. W h e n e v e r 
the samples were not undergoing analysis, they were kept u n d e r dark in a 
refrigerator to minimize chemical and biological changes. 
Because of the limited water retention capacity of the soils in the 
columns, soil leachate sample volumes were normally inadequate to cover all 
the analytical items listed above. In this case, the following approach was 
adopted : 
1) After extracting sufficient sample for ^ coli, the remaining sample was 
diluted with distilled water. T h e dilution factor was no larger than 
eight (Figure 3.1a). 
38 
2) If, after dilution, the sample w a s less than 70 ml, a priority s e q u e n c e 
of analysis (Figure 3.1b) w a s adopted. 
F i g u r e 3.1 P r i o r i t y s e q u e n c e f o r l a b o r a t o r y a n a l y s i s 
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a) Analys is f l o w c h a r t of ana lys i s 
a) ^ coli enumeration 
EJL coli w a s e n u m e r a t e d b y the M e m b r a n e Filter ( M F ) procedure, b y 
which the water sample w a s filtered t h r o u g h a Millipore Filter M e m b r a n e , after 
which the m e m b r a n e w a s placed on top of a lawryl sulphate broth saturated 
pad. T h e prepared cultures were placed in waterproof plastic b a g s for 
protection during submersion in the water bath for 18-22 hr incubation period 
at�44。土 0.2。C. T h e in-situ urease test w a s used to differentiate E^ c g U from 
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other faecal coliform on the m e m b r a n e s . Colonies produced by coli were 
yellow in colour whilst other faecal coliform were red in colour. Sample 
quantities that yielded counts between 20 a n d 200 colonies resulted in greater 
accuracy of density determination. Only results lying between 20 to 200 
colony counts were accepted (E.P.A. 1983) (A.P.H.A. et.al. 1975). 
b) BOD5 determination 
T h e dilution method was used to measure the BOD5 of soil leachate. B y 
this method, various incremental portions of the sample were placed in B O D 
bottles and filled with "dilution water"^. T h e bottles were filled completely, 
free of air bubbles, sealed a n d allowed to stand for five days at a controlled 
temperature (20 土 0.5。C) in the dark. T h e a m o u n t of oxygen that was 
c o n s u m e d during the five days in relation to the volume of the sample 
increment was then used to calculate the B O D S (Hach et.al. 1979). 
c) TIC, T O C a n d T C determination 
TIC and T O C were measured using the combustion-infrared method 
(A.P.H.A. et.al. 1975) where the sample was vaporized a n d the organic matter 
is oxidized to carbon dioxide b y ultra-violet persulphate elevated temperature 
oxidatkm, followed b y near infra-red dijspersion measurement. Inorganic 
carbonates were decomposed with acid and volatilized in the form of carbon 
dioxide before the organic carbon was determined. A n Astro 2001 T O C 
analyzer was able to measure the T O C a n d TIC simultaneously. T h e s u m of 
these two yields total carbon (TC). 
1 "Dilution water" is a phosphate buffer of pH 7.2 containing some inorganic nutrients 
(A.P.H.A. et.al. 1975). It is used for diluting the water sample to desirable dilution. 
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d) NH4-N, NO3-N determination 
NH4-N and NO3-N were measured using an Orion Model 940 Ion Analyzer 
with ammonia electrode and nitrate electrode respectively ( E d w a r d s et.al. 1975). 
T h e performance of the nitrate electrode was satisfactory but the reading from 
the ammonia electrode was elevated because the electrode was also sensitive 
to amine a n d amide c o m p o u n d s . For this reason, the Indole-phenol Blue 
technique was also used after 8 Sept., 1989. T h e blue complex formed by 
ammonia was measured colorimetrically b y spectrophotometer at a w a v e length 
of 625 urn (A.P.H.A. et.al. 1975). T h e data provided in this study are mainly 
based on the Indole-phenol Blue method. Those data obtained before 8 Sept., 
1989 w h e n the Indole-phenol Blue method had not been used, were adjusted 
b y correction based on simultaneous trials over n u m e r o u s weeks. 
e) PO4 determination 
T h e phosphate of the sample was colorized b y the Phosphomolybdate 
Method ( M u r p h y & Riley, 1962) a n d its absorbance was measured on a 
S H I M A D Z U Spectrophotometer at a w a v e length of 882 urn. T h e quartz cells 
were tested a n d matched before measurement. T h e absorbance value was 
converted into equivalent phosphate b y a standard calibration curve. 
f) T N a n d T P determination 
For the determination of TN a n d T P , the samples were first digested b y 
the persulfate digestion method (A.P.H.A. et.al. 1975) which released nitrate 
and phosphate from the organic matter. T h e concentration of nitrate a n d 
phosphate was then determined using a Shimadzu spectrophotometer. T h e 
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Nitrate reading was obtained by subtracting the absorbance at 275 urn from 
the absorbance at 220 u m . T h e phosphate of the sample was colorized by the 
Phosphomolybdate Method ( M u r p h y & Riley, 1962) a n d its absorbance was 
measured at a w a v e length of 882 u m . Both the nitrate and phosphate 
absorbance values were converted into equivalent concentration b y reading 
the standard calibration curve obtained at 220 u m a n d 882 u m respectively. 
g) pH a n d conductivity determination 
p H was measured also using an Orion Model 940 Ion Analyzer with a p H 
electrode while conductivity measurements were m a d e using a Radiometer C D M 2 
conductivity meter (A.P.H.A. et.al. 1975). 
3.3 Continuous Monitoring of the Column System 
a) Hydraulic monitoring 
There were two methods employed to monitor the hydraulic 
characteristics of the columns. Firstly, before daily dosing of the slurry, the 
residual was drained via the site tube a n d the a m o u n t of residual was 
measured using a gradual cylinder. B y comparing the difference between the 
residual a m o u n t and the daily dosing volume, the a m o u n t of slurry infiltrated 
could be determined. Secondly, a pressure transducer was inserted into site 
tube of GA4 column, the c h a n g e of pressure head was measured b y the 
transducer, thus the rate a n d the a m o u n t of slurry infiltration could be 
understood. 
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b) Soil matrix monitoring 
For GA4 column, a pH electrode, a redox electrode and a temperature 
probe were inserted into the column at 2 m depth below the soil surface. T h e 
probes were connected to a data logger that took hourly records. 
3.4 Manipulation a n d analysis of data 
All data obtained were stored in the Ultra 80286 personal computer of 
the Environment Laboratory, C.U.H.K. Lotus 123 (Release 2.0) was used to 
extract, compute and tabulate s o m e of the basic data for further analysis. 
S A S / P C a n d S P S S / P C + (Version 3.0) had been m a d e use of for the various 
statistical analyses, including : 
1) Correlation analysis a n d simple regression analysis were used to 
investigate the association between two variables (e.g. one chemical 
parameter a n d another parameter); 
2) t-test were used to test whether the infiltration rate of volcanic soil 
a n d granitic soil was significantly different; 
3) O n e w a y analysis of variance ( A N O V A ) to investigate which factors were 
significantly affecting the infiltration rates of the columns; 
4) Cluster analysis a n d discriminant analysis were used to group a n d 
discriminate the leachate samples into several clusters, thus the spatial 
and temporal c h a n g e of soil leachate could be s h o w n . 
5) Factor analysis was used to reveal the inter-relationship of the chemical 
quality parameters a n d to derive n e w factors for explaining the existing 
variation on the purification; and 
6) Multivariate analysis of variance ( M A N O V A ) and FLsher least significant 
difference (LSD) analysis were used to investigate whether the 
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purification of the slurry were significantly affected by the soil type, 
soil depth infiltration, slurry concentration, gravel washing and raking. 
3.5 R e m a r k s 
Limited b y time, financial a n d labour resources, s o m e of the methods 
outlined above are inevitably simple. But w h e n e v e r possible, most of the 
analytical methods confirm to the standard methods of the U.S. Geological 
Survey, American Public Health Association (A.P.H.A.) a n d the H o n g K o n g 
Environmental Protection Department (E.P.D.). 
44 
C H A P T E R IV INITIAL S T A T E O F T H E S Y S T E M 
In a system approach to the analysis of contaminant attenuation in soils, 
the inputs (slurry applied), outputs (soil leachate retrieved) and system (soil 
column) should be clearly defined. T h e purpose of this chapter is to describe 
the water quality of the slurry and the physical a n d chemical properties of 
the soil columns that are related to pollutant attenuation. This chapter 
provides b a c k g r o u n d information against which the results of Chapters 5 and 
6 can be assessed. 
4.1 Slurry Characteristics 
Slurry was sampled weekly during the experimental period a n d 11 
chemical and biological parameters were determined, including p H , specific 
conductivity (C〇ND), total inorganic carbon (TIC), total organic carbon (TOC), 
total carbon (TC), BOD5, E. coli, total nitrogen (TN), ammonia-nitrogen (NH4-N), 
nitrate-nitrogen (NO3-N), total p h o s p h o r u s (TP) and phosphate-phosphorus 
(PO4-P). T h e results are summarized in Table 4.1. 
Table 4.1 Chemical quality of slurry monitored 
Parameter Unit No. of Maximum Minimum Mean Standard Coef. of 
observatn. deviatn. variatn. 
PH - 18 8.4 5.9 7.4 0.7 0.1018 
COND uS 18 9792.0 2636.4 6868.9 2218.7 0.3230 
TIC mg/L 14 470.0 0.0 193.4 166.6 0.8612 
TOC mg/L 14 3540.0 500.0 2153.2 914.3 0.4246 
TC mg/L 14 4010.0 559.0 2346.6 981.4 0.4182 
BOD5 mg/L 16 10666.4 2149.7 5185.4 2018.3 0.3892 
E ^ ^ l . no./100ml 16 5.2E+8 1.12E+7 1.17E+8 1.31E+8 0.7692 
TN mg/L 18 2022.5 354.1 1207.4 423.6 0.3508 
NH4-N mg/L 18 1060.4 172.6 710.8 239.8 0.3373 
NO3-N mg/L 18 248.0 3.2 66.5 67.7 1.0191 
TP mg/L 17 687.2 95.8 256.2 132.2 0.5189 
PO4-P mg/L 18 571.5 10.1 160.0 122.0 0.7928 
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F i g u r e 4.1 T h e c h e m i c a l q u a l i t y o f s l u r r y j m o n i L o r ( : d 
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It can be seen that the slurry contains excess nutrient a n d organic 
loads a n d micro-organism populations. It would undoubtedly cause serious 
pollution problems if discharged untreated. All parameters s h o w a high 
coefficient of variation, indicating that the chemical composition of the slurry 
fluctuated. T h e c h a n g e s in the chemical quality of the slurry are s h o w n in 
Figure 4.1. There w a s a t e n d e n c y for lower concentrations of the parameters 
during the mid study period (day 64) w h e n mature pigs at the experimental 
station were sold. A reduction in pig n u m b e r s at the farm p r o d u c e d diluted 
slurry. T h e concentration of slurry might also be determined b y the volume 
of water using in hosing out the pighouse. 
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After the soil samples were air-dried and mixed, they were prepared 
for column packing. A certain a m o u n t of the mixed soil were isolated for 
determining its chemical a n d physical properties. T h e results are summarized 
in Table 4.2. T h e grain size distribution curves of the soil samples are s h o w n 
in Figure 4.2. 
Table 4.2 T h e physical and chemical properties of soils for column packing 
Soil BD P o r o , G S D ( % ) dlO d 5 0 UF pH C o n d . T O C TN TP 
code {\) gravel s a n d s i l t c l a y (um) (um) (\) (uS) (ppn) (ppm) (ppm) 
>2mi . 0 6 - 2 u m - <2uin 
2 mm .06丽 
Vf 1.63 40.66 12.0 46.0 29.0 13.0 1.25 0.12 216 4.24 51 14479 394 52 
VAl 1.70 38.34 1.0 56.5 30.5 13.0 1.15 0.94 148 5.67 29 5049 246 51 
VA2 1.68 38.87 assumed same as VAl 
VA3 1.75 36.54 assumed same as VAl 
1.48 46.05 23.0 34.0 10.0 33.0 <1 0.2 N/A 4.61 31 10237 262 37 
GF 1.54 化0? 21.0 48.0 10.0 21.0 <1 0.54 N/A 5.15 24.5 4746 153 24 
GAl 1.57 42.82 15.0 59.5 14.5 11.0 1.0 0.42 700 4.86 47 5557 124 107 
GA2 1.62 41.02 assumed same as GAl 
GA3 1.61 41.56 assumed same as GAl 
G M 1.61 41.38 assumed same as GAl 
Legend : BD - Bulk density 
Poro. - Total porosity 
GSD - Grain size distribution 
d l o - Effective diameter 
d 5 o - Medium diameter 
OP - Coefficient of uniformity ( d60/dl0 ) 
Cond. - Soil electrical conductivity 
TOC - Soil total organic carbon 
TN - Soil total nitrogen 
TP - Soil total phosphorus 
Note : 1. N/A means "cannot be determined". 
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Fig.4.2 G r a i n - s i z e Distribution of Soils for C o l u m n Packin/：/ 
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T h e columns were p a c k e d with soil approximating the natural bulk 
density. T h e natural bulk density r a n g e d from 1.39 to 1.77 whilst the p a c k e d 
bulk density lay b e t w e e n 1.48 a n d 1.75. T h e bulk density of the s a m e soils 
were similar, 1.63 to 1.75 for volcanic soils a n d 1.48 to 1.62 for granitic soils. 
In general, volcanic soils had a larger bulk density than the granitic soils so 
that the porosity of volcanic soils were higher than that of granitic soils. 
T h e difference in bulk density a n d porosity might be d u e to the different 
grain size distributions of the soils. Granitic soils h a d a higher s a n d content 
whilst volcanic soils h a d a higher silt content. According to the U.S. Dept. 
of Agriculture ( U S D A ) a n d Unified Soil Classification System ( U S C S ) soil 
texture classification system (Table 4.3), G A , V F a n d V A were s a n d y loam, a n d 
GI, G F were s a n d y clay loam (Figure 4.3). 
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Tabic 4-.3 
U.S. DEPARTMENT OF AGRICULTURE (USDA) AND 
UNIFIED SOIL CLASSIFICATION SYSTEM (USCS) 
PARTICLE SIZES 
USDA USCS 
Particle Size Range (nun) Particle Size Range (mm) 
Cobbles 76 .2—254 Cobbles > 7 6 . 2 
Gravel 2 . 0 — 7 6 . 2 Gravel 4 . 7 6 — 7 6 . 2 
coarse gravel 12.7—76.2 coarse gravel 19 .1—76.2 
fine gravel 2 . 0 ~ 1 2 . 7 fine gravel 4 . 7 6 ~ 1 9 . 1 
Sand 0.05—2.0 Sand 0 .074~4 .76 
very coarse sand 1.0~~2.0 
coarse sand 0 . 5 — 1 . 0 coarse sand 2 . 0 4 . 7 6 
medium sand 0 . 2 5 ~ 0 . 5 medium sand 0 . 4 2 — 2 . 0 
fine sand 0 . 1 — 0 . 2 5 fine sand 0 . 0 7 4 ~ 0 . 4 2 
very find sand 0 . 0 5 ~ 0 . 1 
Silt 0 .002—^.05 Fines < 0 . 0 7 4 
(Silt and Clay) 
Clay < 0 . 0 0 2 
‘ 90/ V ,\LEG£ND 
/ \ J U S D A T Y P E 
\ / Q \ USCS TYPE 
乂 / \ 、 
虞/、、� clay L E G E N D 
請 V ® • VA 
又 卿 \ … - - c l … ― \ © G I 
/ ^ - - V ； 酬� /� ⑧ G F 
/、、、、SAND丫�LOAM 二� rrrTTTTT� \�o� _�
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PER CENT SAND 
FIGURE 4.3 Soil texture classification of soils comparing the 
USDA and USCS systems based on the percentage of dilTercnt sizes 
of particles they contain. 
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T h e effective diameter of volcanic soils was larger than that of granitic 
soils but the coefficient of uniformity was smaller. Theoretically, a small 
effective diameter a n d a large coefficient imply low infiltration rate, thus the 
volcanic soils might be expected to have a higher infiltration rate than the 
granitic soils. H o w e v e r , this was not the case in the trials. Granitic soils had 
a higher infiltration rate because of its high porosity. More detail concerning 
the hydraulic characteristic of the columns will be presented in Chapter 5. 
In general, the variation of the chemical properties of the soils were 
small a n d only V A contained an abnormal high T P level (510 p p m ) . Since V A 
was collected from a piece of a b a n d o n e d far m m g field, fertilizer residue might 
contribute to the high p h o s p h o r u s level. T h e soils were acidic (4.24 - 5.67) in 
nature and the low conductivity values (24.5 - 51.0 uS) indicated that little 
ionic minerals or contaminants existed in a n y of the profiles. T h e considerable 
a m o u n t of T O C (4746 - 14479 p p m ) a n d TN (124 - 394 p p m ) in the soil might 
be d u e to organic remains a n d the nitrification of nitrogen fixation bacteria 
respecjtively. 
4.3 Blank soil leachate 
T h e chemical composition of the soil leachate prior to the c o m m e n c e m e n t 
of liquid waste dosing was determined b y daily additions of tap water over a 
seven day period, with leachate samples being collected on the final day. A s 
these data are slurry free they provide a "baseline" comparison to the waste 
leachate results presented in later chapters. T h e chemical composition of the 
blank leachates are s h o w n in Table 4.4. T h e soil leachate was initial slightly 
acidic and its nitrogen, p h o s p h o r u s a n d carbon content were extremely low. 
Difference a m o n g the chemical composition from five soils was insignificant. 
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Table 4.4 Typical quality of soil leachate before the columns were dosed 
Soil Code V F V A GI G F GA 
P H 5.9 7.4 6.6 6.8 ^ 
C O N D (us) 98.1 246.2 82.1 112.3 176 7 
TIC (mg/L) 0 7.2 0 0 14.1 
T O C (mg/L) 12.6 18.3 3.8 1 6 2S1 
T C (mg/L) 39.4 23.1 3.8 1.6 39*8 
BOD5 (mg/L) 49.2 26.9 0 N / A 26.2 
^ 越 r ° 7 l 0 0 m l ) 0 0 0 0 0 
TN (mg/L) 1.5 5.7 2.0 1.9 3 8 
NH4-N (mg/L) 0.3 0 0 N/A 0 2 
N〇3-N (mg/L) 0 10.3 N / A N / A 0 9 
T P (mg/L) 0.8 1.4 0.3 0.1 0:6 
note: 1. N / A m e a n s "could not be determined". 
2. For V A and G A , m e a n values are provided. 
4.4 S u m m a r y 
T h e physical and chemical characteristics of the untreated slurry and 
the soil system have been described in this chapter. T h e slurry contained 
excessive contaminants, including nitrogen, p h o s p h o r u s a n d carbon loadings. 
G A , V F a n d V A were sandy loam and GI a n d G F were s a n d y clay loam. T h e 
soil a n d soil leachate contained only small amounts of nitrogen, p h o s p h o r u s 
a n d carbon, indicated that the soil had not been contaminated b y agricultural 
pollutants before soil sampling. 
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—QUA—已 11E_R一y——JjY—DRMlLjg—g—ERFORMANCE O F T H E C O L U M N S 
T h e design of subsurface disposal systems for slurry mainly d e p e n d s 
u p o n the hydraulic capacity of the soil deposit a n d the purification ability of 
the soil. Both aspects are equally important a n d should be considered 
together w h e n defining optimal application regimes ( B o u m a 1979). 
T h e term, hydraulic capacity, as used here, resembles the "hydraulic 
criterion" of Laak (1974), a n d has been defined b y Jenssen (1982) as the 
volume of water that can be continuously infiltrated into a soil deposit without 
raising the g r o u n d water level a b o v e a selected level. In other words, 
hydraulic capacity is the capacity of the system to a c c o m m o d a t e the slurry 
inputs on a long term basis. This factor is the first objective to be 
considered in the design of disposal systems. 
In the following sections of this chapter, the hydraulic capacity of the 
columns is of concern (the purification aspects will be discussed in chapter 6). 
Firstly, the factors affecting hydraulic performance, the process of hydraulic 
failure a n d the significance of clogging will be reviewed a n d discussed at a 
general level. T h e n , the results of the hydraulic regime of the columns will 
be examined a n d an infiltration model proposed, with special emphasis on the 
variatuDns in performance d u e to different soil types, loading rates a n d the 
concentratkDn of slurry. T w o kind of recovery practice, gravel washing a n d 
raking will also be assessed. 
52 
5」1�., ^ i y i i Q R U ^ ?—红互 t i卯�s— p t Disposal Design 
W h e n soils are s u b m e r g e d with slurry, a decrease in the permeability 
of soils is c o m m o n l y observed, a n d is the result of the development of a 
clogged layer at the infiltration surface (Siegrist 1987, Otis 1985, Kristiansen 
1982). T h e seepage field m a y eventually be unable to accept the a m o u n t of 
liquid a d d e d daily a n d surfacing of unpurified effluent can occur. 
F o u r phases of infiltration loss h a v e been described b y Lewis et.al. 
(1982), M c G a n h e y & K r o n e (1967) a n d Allison (1947). Initially a rapid reduction 
of infiltration, d u e to swelling a n d dispersion of soil particles a n d trapped air, 
u n d e r aerobic conditions occurs (Phase I). This LS followed b y an increase in 
infiltrative capacity (Phase II) d u e to solution or removal of air trapped in 
soil pores, also soil aerobic bacteria d e c o m p o s e m a n y of the organic solid 
m t e r e d from the slurry, helping to keep the soil pores open. H o w e v e r , they 
can only function w h e n the infiltration surface drains, thus allowing the entry 
of air. While slurry are continuously dosed, they eventually will be unable 
to keep u p with the m f l u x of solids. A s a result, infiltrative capacity is 
gradually declined a n d p e r m a n e n t ponding will be formed (Phase III). In this 
phase, o x y g e n is no longer present to allow the rapid decomposition of o x y g e n 
matter. Clogging therefore proceeds more quickly, excretions from anaerobic 
mk:roorganisms c e m e n t together small particles s u c h as bacterial cells, a n d the 
reduction of sulphate binds u p trace elements as insoluble sulphide causing 
extensive black deposits (Phase IV). At this stage, the crust normally reaches 
an equilibrium state, a n d its hydraulic resistance stabilizes (Lewis et.al. 1982). 
In s u m m a r y , the crusting process is initiated b y physical pore clogging but 
completed b y anaerobic microbial activity (Magdoff & B o u m a 1975, Hills 
1976). 
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5.1.1 Soil clogging p h e n o m e n o n 
Clogging starts at the surface and progresses d o w n the soil profile. 
Increased clogging is readily observed b y a reduced hydraulic capacity which 
approaches a lower limit (Allison 1947). Clogging is thought to be caused b y 
several p h e n o m e n a (Lewis et.al. 1982) including: 
a) blockage of pores b y solids filtered directly from the slurry; 
b) accumulation of bio mass from the growth of micro-organisms; 
c) excretion of slime by s o m e bacteria; 
d) deterioration and puddling of soil structure caused b y saturation and 
swelling of clay minerals brought about b y cation exchange; 
e) precipitation of insoluble metal sulphide u n d e r anaerobic conditions. 
T h e rate of the clogging process is believed to be influenced b y the 
a m o u n t of s u s p e n d e d matter (Siegrist 1986, 1987, Mitchell et.al. 1982, Miller 
1985), pore size distribution compared to the size a n d the shape of the 
s u s p e n d e d particles (Daniel & B o u m a 1974), a n d biological activity in the crust 
zone (Tollner et.al. 1983, Frankenberger et.al. 1979, N e v o & Mitchell 1967). 
Other chemical conditions include pockets of gas in the soil (Rice 1974), 
amounts of ferrous sulphide ( M c G a n h e y & Wijineberger 1964) a n d calcium 
phosphate (Thomas et.al. 1966) present, a n d the organic strength of the waste 
water (Siegrist 1987, Mitchell et.al. 1982). Environmental conditions such as 
exposure to low O2 conditions, higher level of moisture caused b y the 
proximity of the water table to the infiltrative surface (Simon & Magdoff 1979) 
and low ambient temperature (DeVries 1972) m a y accelerate hydraulic failure 
because of slow microbial decomposition of deposited solids. 
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5.1.2 Significance of soil clogging 
W h e n soil clogging layer develops, it acts as a partial barrier to 
infiltration a n d the soil below the organic mat becomes unsaturated. This 
becomes especially significant w h e n slurry is applied to the soil for disposal. 
Liquid flow in unsaturated soil proceeds at a m u c h slower rate than in 
saturated soil because flow only occurs in the finer pores. This slows the 
rate of infiltration through the soil, but enhances purification.. T h e 
contaminants are purified b y filtration, biological reactions, a n d adsorption 
processes which are more effective in unsaturated soils because of more 
mtimate and prolonged contact between the pollutants a n d the soil (Lewis 
et.al. 1982). Although some degree of clogging can enhance waste water 
renovation through reactions within the clogged soil zone and the underlying 
unsaturated soil, excessive clogging can cause hydraulic dysfunction, anoxic 
soil conditions, a n d diminished waste water purification (Siegrist 1987). It will 
reduce the infiltration rate to very low levels which m a k e s the construction 
of subsurface seepage beds uneconomical. 
5.2 Morphology of clogging layer 
A transparent column was constructed a n d dosed with slurry so as to 
observe the clogging process within the soil system. Photos taken from same 
view angle a n d distance were taken weekly a n d are presented as Plates 
1 to 6. 
T h e plates indicate the crusting a n d clogging progressed during the 
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the interface of the soil a n d gravel (Plate 1). T h e crust consisted of a 
mixture of decomposed and u n d e c o m p o s e d particles which were characterized 
by its grey and grayish b r o w n colour. A certain a m o u n t of aerobic bacteria 
c o n s u m e d the O2 entrapped in the soil a n d had u n d e r g o n e aerobic respiration. 
Water a n d other soluble m a n u r e components then carried the particulate, which 
had already entered the soil, slowly d o w n w a r d to fill the soil pore spaces. As 
more particulate had penetrated into the soil profile, the soil turned dark to 
blackish green colour (Plate 2). B y Day 21 (Plate 3), the colour of the mat 
and clogged soil were completely black, indicating that anaerobic condition had 
developed. Formation of the surface mat s o m e h o w had prevented further 
entry of particulate into the soil profile, thus the blackened layer ceased to 
grow after Day 21 (Plates 4 a n d 5). At this stage, the mat layer and 
blackened zone were 1 c m a n d 10 c m deep respectively (Plate 6). 
Siegri^t (1987) examined the microscopic structure of s o m e clogged soil 
samples a n d revealed that there were two distinct zones of alteration of 
natural soil morphology. Extending from the original infiltrative surface 
d o w n w a r d there was a thin zone of a m o r p h o u s organic matter within the 
matrix soil pores. Extending u p w a r d above the infiltrative surface was a layer 
of crust (mat) characterized b y a matrix of mineral matter enriched with 
organic materials that were the directly deposited s u s p e n d e d matter from the 
infiltrating slurry or material synthesized in situ. S u c h a clogging mat 
consisted of anaerobic microbial decomposition products such as polysaccharide 
and polyuronide (Avnimelech & Nevo 1964, T h o m a s et.al. 1966) or an 
accumulation of unaltered organic c o m p o u n d s (DeVries 1972). 
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^___Inmtration Regimes of the columns 
Infiltration rates of columns were monitored from A u g . 4, 1989 t h r o u g h 
Dec. 1 1989 (total 120 days). T h e results of these m e a s u r e m e n t have been 
presented in Fig 5.1, 5.2 a n d 5.3. In all treatments, a variable initial 
infiltration rate was followed b y a rapid decline to rates less than the daily 
loading rate. This corresponded to the formation of a soil clogging mat a n d 
its development occurred over an extended time period a n d led to continuous 
ponding of the soil infiltrative surface. T h e infiltration rates steadily 
decreased until Day 86 w h e n raking (disturbing the surface mat layer) was 
undertaken. 
‘ 5.3.1 Kostiakov infiltration model 
C h a n g e s in the infiltration rate (q) over time (t) can be described using 
the Kostiakov infiltration equation : 
q = atb, where a a n d b are constants. 
Thi3 equation yield a linear relation w h e n log q is plotted against log t : 
log q = A + b log t 
w h e r e the intercept, A = log a, represents the initial infiltration 
rate at t = 1 day; 
th，slope, b, represents the rate of decrease in infiltration 
rate with time (slope on a log scale). 
Regression analyses illustrate excellent log-normal fits of the infiltration 
rates of slurry into soil over time using the Kostiakov model (Table 5.1). of 
the 10 regresskms, 8 had r^ value 0.80 or higher. 
59 
Fig.5.1 Infiltration regime of VF, GI and GF soils 
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Fig.5.2 Infi ltration regime of VA soil 
a) In n o r m a l scale 
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Fig.5.3 Infiltration regime of GA soil 
a) In normal scale 
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Table 5.1 S u m m a r y of regression analyses 
Soil Equation r^ no. of 
log (infiltration) = A + b log(time) observation 
V F log q 二 0.9787 一 0.8789 log t 0.9057 80 
GI log q 二 1.4782 - 0.7765 log t 0.8845 80 
G F log q = 1.7172 - 0.7704 log t 0.8089 80 
V A - 1 log q = 0.5300 - 0.9507 log t 0.7370 43 
V A - 2 log q = 0.4904 - 0.7697 log t 0.8766 80 
V A - 3 log q = 0.5537 - 0.7767 log t 0.7494 43 
G A - 1 log q = 0.9032 - 0.9680 log t 0.8154 80 
GA-2 log q = 1.0159 - 0.8560 log t 0.8893 80 
G A - 3 log q = 1.7344 - 0.9130 log t 0.9041 80 
GA-4 log q = 1.1764 - 0.6010 log t 0.9393 80 
5.3.2 Factors affecting infiltration regimes 
T w o approaches were adopted to examine whether different soil type 
significantly affected the infiltration regimes of the soils. Firstly, analysis of 
variance ( A N O V A ) was performed on the slopes a n d intercepts of the 
regression equations. Since the dosing rate of the G A columns was highly 
diverse which could be differentiated into low dosing G A (GAl-2) a n d high 
dosing G A (GA3-4), the measurement scale was nominal with 6 levels. 
Secondly, a t-test was used to compare the difference of infiltration rates 
between G A 2 (dosed with diluted slurry) a n d GA4 (dosed with normal slurry). 
Table 5.2 indicates that there is a significant difference in initial 
infiltration rate (A) with different soil type at p.=0.05. T h e intercept values 
for the volcanic soils (0.1617 - 0.9789) were m u c h lower than those for the 
granitic soils (0.9032 - 1.7172), indicating a m u c h lower early infiltration rate. 
Granitic soils had a higher porosity value, thus a higher initial infiltration 
rate would be expected. 
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T!"ble」.2 A N O V A test of the effect of soil type on initial infiltration rate 
Independent variable: soil type (VF, GI, G F , V A , GAl-2, GA3-4) 
D e p e n d e n t variable: initial infiltration 
S u m Sq. df M e a n Sq. F p ^ F 
Total 1.9699 9 
Between g p 1.8058 5 0.3612 
Within g p 0.1641 5 0.0410 8.8047 0.0279 
Table 5.3 illustrates that the rate of decrease of the infiltration rate 
(b) was not significantly affected b y the type of soil. O n e might expect that 
granitic soils with higher early infiltration rates a n d with higher s u s p e n d e d 
solid loading input would result in more rapid sealing, particularly if the 
sealing mechanism is the physical blocking of pores. H o w e v e r , the rate of 
decrease in infiltration was more or less constant for the different kinds of 
soil (0.6010 - 0.9130), indicating that the changes in infiltration regime are not 
significantly determined b y the input loading. This would suggest that the 
rate of biodegradation might be an important factor. 
Table 5.3 A N O V A test of the effect of soil type on decrease of infiltration 
rate over time 
Independent variable: soil type (VF, GI, G F , V A , GAl-2, GA3-4) 
Dependent variable: initial infiltration 
S u m Sq. df M e a n Sq. F £ < F 
Total 0.1121 9 
between g p 0.0326 5 0.0065 
within g p 0.0795 4 0.0199 0.328 0.8735 
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By comparing the infiltration rate, from R u n 1 to R u n 7, of GA-2 (dosed 
with diluted slurry) with GA-4 (dosed with equivalent levels of normal slurry), 
it was confirmed that there was a significant difference in infiltration rate, 
t=3.43 < to.05. 
5.4 Practical Recommendations 
5.4.1 R e c o m m e n d e d dosage rate 
In designing a land disposal system, the determination of dosing rate 
is cruel important. In N o r w a y , a soil evaluation diagram based on m e a n grain 
size a n d sorting (MESO-diagram) (Figure 5.4) ijs developed to aid site 
evaluation and design of wastewater infiltration systems. In the M E S O - d i a g r a m 
soils are discriminated into four categories^ a n d different dosage rates are 
r e c o m m e n d e d to different soil categories. 
1 The recommended loading rates of four categories are (cited from Jessen 1988): 
a) Category 1 - hydraulic conductivities may be above 3000 cm/d; however, a maximum loading 
rate of 1 cm/d is suggested because of its secondary macrospore property. Low loading 
rate should therefore be applied in order to promote flow through the soil matrix. 
b) Category 2A - hydraulic conductivities usually below 300 cm/d, hence the maximum loading 
is 1 cm/d. 
c) Category 2B - hydraulic conductivities are expected greater than 3000 cm/d, a rate of 2 
cm/d is therefore proposed. 
d) Category 3 - purification properties of these soils are poor, it is suggested to use a 
sand layer or low loading rate combined with a pressure distribution system. 
Figure 5.4 MESO-diagram 
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Five soils examined in this study fall into the category 1 and the 
r e c o m m e n d e d dosage rate not larger than 1 c m / d (Jessen 1988). S u c h low 
loading rate should be applied in order to promote flow through the soil 
matrix (Bouwer et.al. 1983). H o w e v e r , the loading rates m a y need to be kept 
lower than the m a x i m u m value of 1 c m / d . For the soil examined in this study, 
0.5 c m / d Ls a more realistic estimate based on the actual infiltration pattern 
of the ten columns. S u c h low loading rates are particularly important in the 
shallow groundwater areas where the horizontal m o v e m e n t s are relatively 
minor. 
5.4.2 Time of hydraulic failure 
De Tar (1979) has suggested that material with an infiltration rate of 
10-8 m / s (0.0864 c m / d ) could be considered impermeable. T h e time required 
to reach this threshold (as calculated from the equations in Table 5.1) are 
presented in Table 5.4. Volcanic soils took about one h u n d r e d days to reach 
the threshold, while granitic soils needed h u n d r e d s if not thousands of days 
to reach the value. These results indicated that five soils examined in this 
study were generally suitable for land disposal. 
Table 5.4 Time required to reach the threshold 
Soil Time (day) 
to impermeable to the r e c o m m e n d e d rate 
(0.0864 c m / d ) (0.5 c m / d ) 
V F 210 29 
GI 1876 160 
G F 4068 417 
V A 99 10 
G A 1717 127 
Note : for V A and GA, mean values were provided. 
66 
T h e results highlights that : 
1) T h e dosage rate of volcanic soil should be further reduced. 
2) Recovery remedies on the infiltration capacity of the system is essential 
in maintaining its operation. 
5.4.3 Recovery of the system 
W h e n hydraulic failure occurs, "cleaning" of the system is required to 
maintain the infiltration capacity. A m o n g s t several methods, resting the 
most c o m m o n practice. W h e n the dosage is temporally stopped, the system is 
allowed to drain a n d contact with the atmosphere. This aerobic condition 
enhances the bio degradation of the clogging crust thus helping to restore the 
infiltrative capacity of the seepage field ( M c G a n h e y & Krone 1967, T h o m a s et 
al. 1966). Washing of the system is another commonly used technique. B y 
pouring excess freshwater into the system, the mat is broken a w a y , and the 
mbcture descends to the outflow e n d of the system where it is discharged 
(Bouwer et. al. 1980). H o w e v e r , the degree of infiltration rate restoration 
d e p e n d s on the texture of the infiltrative m e d i u m (Sauer 1977). W h e n it is 
evident that the above two methods cannot restore the infiltration rate, the 
top 2 to 3 c m is scarified b y raking. If raking cannot restore the infiltration 
capacity, the top 20 c m soil is broken b y rotofilling (Rice & B o u w e r 1984). 
In this study, washing was undertaken on 15 Sept. 1989 (Day 43) and 
raking with scarified the top 1 c m soil was undertaken on 27 Oct. (Day 85) 
respectively. T h e infiltration rates at these period of washing and raking are 
presented in Figure 5.5. T h e figure clearly s h o w s that washing was not an 
effective r e m e d y for infiltrative restoration but raking with scarifing the top 
1 c m soil could significantly restore the hydraulic capacity. 
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5.5 S u m m a r y 
Soil clogging is commonly observed in land disposal. Although partial 
clogging enhances purification, excessive clogging can cause hydraulic failure 
of the system. Clogging is thought to be caused b y several p h e n o m e n a and 
its rate of development is believed to be influenced b y a n u m b e r of factors. 
In this experiment, clogging cause the infiltration rate to diminish. T h e 
infiltration regimes of the soil system were observed to decrease log-normally 
over time. 
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For the different soil types, differences in the initial infiltration rate 
were significant, but differences in the rate of decrease of infiltration rate 
were insignificant. T h e concentration of slurry also had a significant effect 
on the infiltration rate. T h e column study indicated that all tested soil would 
be suitable for general land disposal but were not suitable for high rate 
disposal. Periodic cleaning of the system would be essential in maintaining its 
infiltration capacity. 
T h e clogging of the system was caused both b y surface crusting a n d 
the clogging zone beneath infiltrative surface. T h e clogging zone was 10 c m 
thick. Washing was not an effective r e m e d y for hydraulic failure, while 
raking could partially restore the infiltrative capacity. 
It should be noted that clogging a n d hydraulic failure m a y not 
necessarily correspond to field conditions because of only 2 dimensional flow 
in this experiment, structural changes of the soil during packing, etc. 
H o w e v e r , this chapter highlights processes and possibilities, but does not 
provide clear data on r e c o m m e n d e d rates of dosing, timing of failure a n d 
restoration techniques, etc. 
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CHAPTER_VI P U R m C A T I O N EFFICIENCY OF THE S Y S T E M 
Purification of liquid wastes has two main aspects: 
1) T h o s e associated with health problems relating to the occurrence of 
pathogenic bacteria a n d viruses or a high nitrate concentration in 
portable waters, a n d 
2) T h o s e associated with eutrophication of g r o u n d a n d surface waters caused 
b y nutrients from the effluent. 
A n d j u d g e m e n t of the successful functioning of a disposal system requires the 
use of quantitative criteria. Health considerations require complete absence 
of pathogenic bacteria, c o m m o n l y evaluated b y the absence of fecal indicators 
a n d pathogenic viruses. Criteria relating to possible eutrophication problems 
are m o r e difficult to define ( Magdoff et.al. 1974b). T h e hydraulic performance 
a n d associated p h e n o m e n o n were discussed previously. Thi^ chapter considers 
the functioning of the c o l u m n s as a purifying system. E a c h of the parameters 
listed in p H , specific conductivity, ^ c ^ enumeration, biochemical o x y g e n 
d e m a n d (BOD5), total carbon (TC), total organic carbon (TOC), total inorganic 
carbon (TIC), total nitrogen (TN), a m m o n i u m - n i t r o g e n (NH4-N), nitrate-nitrogen 
(NO3-N), total p h o s p h o r u s (TP) a n d p h o s p h a t e - p h o s p h o r u s (PO4-P), will n o w be 
discussed separately. 
6.1 P H 
T h e blank soil leachate of the columns were slightly acidic to neutral in 
nature, p H 二 5.9 - 7.4. H o w e v e r , the c o m m e n c e m e n t of slurry significantly 
m c r e a s e d the leachate p H of the columns. Thi^ w a s mainly d u e to a m m o n i a 
a n d the other alkali ions contained in the slurry. 
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T h e pH of the soil solution of the volcanic soils varied between 5.9 and 
7.4. T h e leachate pH response of the V F column to liquid waste dosing was 
erratic' but for VAl-3, there was a tendency to remain neutral and to m o v e 
to slightly higher p H levels (Figures 6.1a, b). 
T h e p H of leachate at GAl-2 (Figure 6.1e) fluctuated between 6 a n d 8 
until after day 78, w h e n the leachate became noticeably more acidic. Thi5 was 
particularly so at day 92 for the mid a n d lower unsaturated sample sites. 
Nitrification was occurring at this time a n d during thi^ process H+ ions are 
released a n d these m a y lead to a decline in leachate p H levels. 
T h e p H of the leachate from the unsaturated zone of the GI column 
rapidly rose to between 7 a n d 8.5 (Figure 6.1c). Leachate from the u p p e r 
unsaturated zone remained alkaline except for day 64. Leachate from the 
lower saturated zones remained u n c h a n g e d . This pattern was repeated in G F 
a n d GA3-4 (Figures 6.1d, f), where the p H of the leachate from the 
unsaturated zones a n d the u p p e r saturated sample site rapidly rose to 
sighUy-moderately alkaline level. S o m e differences occurred in the timing of 
the c h a n g e in the u p p e r saturated zone (most rapid in G F ) a n d in the 
magnitude of rise in p H , but the pattern remains the s a m e none the less. 
6.2 Specific Conductivity 
Electrical specific conductivity is a measure of the concentration of total 
soluble iDns in the leachate, a n d in turn is a indication the degree of 
pollution. 
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Fig.6.1 pH change of slurry & soil leachate 
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Figure 6.10 (continued) 
d) GF column 
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6.2.1 Ion m o v e m e n t pattern 
T h e specific conductivity of the granitic soil column solution prior to 
the c o m m e n c e m e n t of dosing were < 200 u S for all granitic soil environments. 
H o w e v e r , leachate in the unsaturated zones of GI, G F a n d GA3-4 (Figures 6.2 
c, d, f) rapidly climbed to levels equivalent to the slurry, 4000 to 10000 u S 
after dosing c o m m e n c e d . Indeed there is general agreement between the 
specific conductivity of the slurry a n d the soil leachate, with the later 
declining slightly in the mid study period at a time w h e n a lower specific 
conductivity of the liquid waste was used for dosing. T h e u p p e r saturated 
zone also achieved levels equivalent to the untreated liquid pig waste, but did 
so at a later time (though for G F , this response was also immediate) whilst the 
lower saturated zones registered smaller, but n o n e the less significant rises 
in specific conductivity to 2000 u S b y the e n d of the study period. In 
contrast the specific conductivity leachate for GAl-2 never exceed 4300 u S in 
the unsaturated zone a n d were less than 400 u S in the saturated zone (Figure 
6.2e). 
Whilst the initial specific conductivity of soil leachate with the volcanic 
soil columns was higher than that of the granitic soil columns, the c h a n g e was 
less m a r k e d than that for the granitic columns. T h e highest specific 
conductivities were recorded at 20 c m in V F (less than 5000 u S ) but values 
were generally less than 1000 u S at other sample depths, a n d were commonly 
less than 500 u S in the saturated zones. T h e response curve for V F and VAl-
3 are similar to GAl-2 (Figures 6.2a, b). 
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Fig.6.2 Speci f ic conductivity of slurry and 
soil leachate 
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Figure 6.10 (continued) 
d) GF column 
•V«o l f l o o t ^ n d u o U T l i j ( 1000uS) . p e o l f l o o o n d u o U y t t j ( tOOOuS) 
f v 八 S a t u r a t e d z o n e 
幾 1 F —— — \ tt . J^L • - - F/— — — — — - — — —— — —— V 
… — ^ ： ^ ^ ^ ^ ^ ^ ^ ^ 丨 
‘ . FF "“‘ ••一 • • - V — F — — — . ‘ . . - / — — — — •, I - . - \ -
2 ！ ,」/— ^ ： 
U n s a t u r a t e d z o n e . ^ ^ ^ — ^ — ^ ^ ^ ^ 
Q I I I I 1 1 1 I 1 I I I I Q I . ‘ 1 1 1 1 i 1 
0 10 2 0 3 0 40 &0 00 70 60 90 100 110 120 0 10 20 3 0 40 50 00 7 0 8 0 00 100 110 120 
Time (days ) T ime (days ) 
2 0 e m — 6 0 o m — B O o m S l u r r j “ S l u r r j 110 o i a " " 2 0 6 o m 300 oux 
e) GA2 column 
vpecUio o o u d u c U r l i j (lOOOuS) ^^ up^oitio ooaduoUTity (lOOOuS) 
|\l a U n s a t u r a t e d z o n e / A A ^ 
I V , i V S a t u r a t e d z o n e 
qI frjrriTT. I -t^-^r^i _ _ pi • "• 
0 10 20 3 0 40 60 00 7 0 8 0 90 100 110 120 0 10 2 0 3 0 40 6 0 00 7 0 BO 00 100 110 120 
Time (days ) T ime (days ) 
20 o m — 6 0 o m 80 o m “ S l u r r y “ ® " Slurry 110 o m " “ 2 0 6 o m 300 o m 
f ) GA4 column 
•poolflo oonduoUrlty (lOOOuS) •pooifto oonduoUTltjr (1000uS) 
2 / / » 
U n s a t u r a t e d z o n e 
Q I I I I I I I I 1 1 1 1 1 0 I ^ i 1 1 1 1 1 1 1 1 
0 10 2 0 3 0 4 0 5 0 0 0 7 0 aO 9 0 100 110 120 0 10 2 0 3 0 4 0 60 0 0 7 0 BO 0 0 100 110 130 
Time (days ) T ime (days ) 
2 0 o m &0 o m BO o m S lur i^ " S l u r r y 110 o m 306 o m 300 o m 
76 
6.2.2 Ion m o v e m e n t mechanism 
After 120 days of dosing, the specific conductivity of the leachate in 
terms of depth are s h o w n in Figure 6.3. 
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T h e specific conductivity of leachate obviously was a function of soil 
type a n d soil depth. T h e curves were expectedly sigmoidal in shape. While 
the curves of V A , V F a n d GAl-2 dropped in the early stage, those of GI, G F 
and GAl-2 s h o w e d a more gently decreasing pattern. T h e difference between 
the volcanics and GI, G F a n d GA3-4 undoubtedly reflects differences in the 
infiltration rates. Different infiltration rates, in turn, determined the form of 
ionic m o v e m e n t in the soil profile. 
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For V F , V A and GAl-2 with their low flow velocity, ions probably m o v e d 
by molecular diffusion (Freeze & Cherry 1979). Ions were restricted to the 
surface a n d this m o v e m e n t through the soil was generally considered minimal. 
Only in instances w h e n the pH is below 5.5 do ions m o v e despite low flow 
velocities (Chaney et.al. 1976), but the u p p e r layer of the columns remained 
relative alkaline, ions were stabilized. 
For GI, G F a n d GA3-4 with their high infiltration rates, mechanical 
mixing was the dominant dispersion process. T h e larger dispersivity of the 
granitic m e d i u m produced greater mixing of the solute front as it advanced. 
Ions could spread into the lower parts of the columns. ThLs suggests a 
higher risk of groundwater pollution w h e n the infiltration rate of the system 
is high. 
6.3 ^ c ^ 
^ 述 measurements provide an indication of the bacteriological 
condition of soil leachate. Although the detection of these organisms is not 
positive evidence of the pathogenic organisms originating from slurry, the 
absence of ^ ^ is evidence of the absence of pathogenic organisms, because 
^ ^ characteristically compete with faecal streptococci, fecal coliform a n d 
pathogenic organisms (Magdoff et.al. 1974b). 
W h e n leachate samples were available this parameter was given priority 
determination. Figure 6.4 s h o w s the variation of E. coli enumeration in the 
soil leachate a n d slurry of each column. Since ^ cg]i enumeration was 
particularly sensitive to the external environment, the y-axLs of Figure 6.4 has 
been set to a logarithmic scale. 
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Fig.6.4 E.coli e n u m e r a t i o n of slurry and 
soil leachate 
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Figure 6.4 (continued) 
d) GF column 
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6.3.1 E^ coli removal pattern 
T h e volcanic columns were typified b y lower value throughout the 
experiment, but with minor peaks of ^ _ in all columns at 8-15 days. A b o u t 
1000 counts per 100 ml were found in the u p p e r 20 c m of V F column whilst 
the majority of ^ ^ was r e m o v e d in the lower unsaturated zone (Figure 
6.4a). Within the V F column 24 out of 28 counts of ^ ^ in the saturated 
zone were nil. T h e remaining four values were all less than 200 counts per 
100 ml a n d two of these occurred on day 8. T h e V A columns s h o w e d a similar 
pattern to the V F column (Figure 6.4b). E^ ^ were present only in the first 
two sample (day 8 and 15), but aside from two isolated occasion were absent 
in later samples. 
Granitic soils varied considerably in their ^ ^ counts, with m a x i m u m 
recorded values ranging between 263,000 a n d 254 million. Extremely high ^ 
coli counts (more than 1 million) were maintained throughout the experiment 
in the unsaturated zones of GI, G F a n d GA3-4, (Figures 6.4c, d, f), a n d these 
levels were attained quite rapidly in the early part of the study period. 
M u c h lower levels of E. coli were recorded in columns G A l and GA2. Except 
for the occasional breakthrough, the counts of ^ cglL were generally nil. In 
the saturated zone, GAl-2 also s h o w e d great differences to GA3-4. GAl-2 
exhibited E , cgR predominantly in the first two samples with a m a x i m u m count 
of only 200 E^ ^ per 100 ml (Figure 6.4e). GA3-4 exhibited ^ ^ 
throughout the experiment in the u p p e r saturated zone with counts as high 
as 7.6 million. 
T h e GI and G F columns exhibited similar patterns of E. coli to GA3-4. 
At most sample times E , coU were recorded in the upper layer of the saturated 
zone but not the lower two sampling points. T h e exception was the first 
sampling period, where, like all other columns, E^ coli were recorded 
throughout the saturated zone. T h e m a x i m u m recorded value in the upper 
saturated zone is 34 million E^ coli per 100 ml, but in the mid/lower saturated 
zone only 220 ^ coli per 100 ml. 
6.3.2 ^ coli overview 
Three significant features arise from this ^ coli analysis: 
a) E^ coli were present in both the unsaturated and saturated layers of all 
columns in the first 15 days. 
b) After 15 days, ^ coli enumeration in the volcanic soils a n d in GAl-2 were 
reduced to a very low levels in the unsaturated zone. A n d it was 
generally absent in the saturated zone. 
c) T h e unsaturated a n d u p p e r saturated zone of columns GI, G F a n d GA3-4 
were badly contaminated, whereas the mid a n d lower saturated zones 
usually recorded nil ^ coli. 
T h e higher levels of ^ coli in all columns u p till day 15 probably 
reflects the early absence of soil structure within the columns. Until an 
organic mat layer developed a n d settling occurred, the permeability of the soil 
remained high a n d E^ c ^ readily penetrated to lower levels. H o w e v e r , after 
partial settling a n d with the development of a clogging layer, infiltration rates 
were reduced, thus hindering the d o w n w a r d m o v e m e n t of ^ coli. In 
conclusion, the mat layer was the most important defense in E^ coli removal. 
This is evident by the fact that the surface 20 c m of soil removed more than 
85% of the coli population. 
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coli were usually absent from the saturated layers of the volcanic 
columns and GAl-2, but present in GI, G F a n d GA3-4. T h e difference between 
the volcanics and granitics is explained b y different soil characteristics, thus 
different die-off a n d adsorption patterns resulted. T h e difference between 
GAl-2 a n d GA3-4 undoubtedly reflected differences in accommodation rate. 
T h e reduced permeability rate a n d increased retention time of the former 
improved the purification efficiency of the soil. 
Finally, the presence of E^ c ^ in the u p p e r saturated zones of GI, G F 
a n d GA3-4, but not in the mid to lower saturated zones, suggests that the 
saturated zone is an effective buffer to the m o v e m e n t of E^ coli. Since E^ coli 
are k n o w n to survive better in a pH range of 6 - 7 (Hoonan et.al. 1988, Ellis 
& McCalla 1976), dying quickly u n d e r acid soil conditions, it is not surprising 
that the saturated zone of the columns, with a lower p H , could significantly 
lowered the E^ coli population. 
6.4 Carbon 
T h e concentration of carbons were measured b y gross parameters such 
as BOD5, T O C , TIC and T C in the soil leachate retrieved. T h e measurement of 
B O D has long been the basic m e a n s for determining the degree of water 
pollution. It is also the most important measurement m a d e in the operation of 
a s e w a g e treatment plant (Hach et.al. 1979). While B O D is an indirect measure 
of the a m o u n t of biodegradable soluble organic matter present in water, T C , 
T O C and TIC are direct measures of carbon. T h e patterns and levels of four 
parameters for each column are provided in Figures 6.5 - 6.8. 
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6.4.1 Carbon attenuation pattern 
BOD5 levels in the unsaturated zones of columns GI, G F and GA3-4 all 
exhibit early rises to 3000-4000 ml/L, followed b y a gentle decline to days 64 
or 78, with slight rises later in the experiment (Figures 6.5e, d, f). In part 
this reflects the BOD5 of the slurry itself, which also peaks in the early and 
later parts of the experiment. T h e u p p e r saturated zone (110 c m ) of these 
columns exhibits a similar pattern whilst the lower two sample sites experience 
gradual long-term rises to approximate 1000 m g / L . In contrast the BODr levels 
sJ 
in GAl-2 rarely exceed 500 m g / L throughout the profile a n d were more 
commonly less than 100 m g / L . 
BOD5 levels in V F were usually less than 500 m g / L with the exception 
of the u p p e r profile (20 c m ) (Figure 6.5a). VAl-3 BOD5 levels were m u c h lower 
than GI, G F and GA3-4, and usually less than 100 m g / L with the exception of 
an occasional breakthrough. Early peaks (days 8-15) in BOD5 levels is the 
saturated zones of VAl-3 (Figure 6.5b) probably reflect the absence of settling 
and organic mat development at this stage. 
T h e pattern of T O C and T C concentrations in the soil columns is similar 
I 
to BOD5. For the unsaturated zones of GI, G F and GA3-4, there is a rapid 
response to higher levels of T O C (1000-2000 mg/L), a mid-study period decline, 
and a slight rise in levels later in the experiment. There is also a gradually 
increasing level of T C a n d T O C in the saturated zone (Figures 6.6c, e, f. 
Figures 6.7c, e, f). 
VAl-3 experience a slow gradually increasing level of T C and T O C in the 
unsaturated zone to approximately 500 m g / L . T h e lower profile reserved in low 
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Fig.6.5 BODS of slurry and soil leachate 
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Figure 6.10 (continued) 
d) GF column 
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Fig.6.6 TOC concentrat ion of slurry and 
soil leachate 
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Figure 6.10 (continued) 
d) GF column 
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Fig.6.7 TC concentrat ion of slurry and 
soil leachate 
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Figure 6.10 (continued) 
d) GF column 
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Fig.6.8 TIC concentrat ion of slurry and 
soil leachate ‘ 
a) VF column 
,,00 
U n s a t u r a t e d z o n e S a t u r a t e d z o n e 
500 SOO 
400 r ^ -w— / V ‘00 J. r 入 ___.__. 
f / V 
0 10 20 30 40 50 80 70 80 90 100 110 120 0 10 20 30 40 60 00 70 80 &0 100 110 120 
Time (daye) Time (daya) 
~ ~ ~ 20 o m —*— 60 o m 80 o m Slurry Slurry - * * - 110 ota 306 o m — ^ 300 o m 
b) VA2 column 
1200�C TIC (u.,/L) 
U n s a t u r a t e d z o n e S a t u r a t e d z o n e 
BOO 800 
0 10 20 30 40 60 flO 7 0 80 90 100 U O 120 0 10 20 30 40 60 00 7 0 80 00 100 110 120 
Time (days) Time (days) 
20 o m 50 o m 80 o m Slurry Slurry 110 o m 205 o m 300 o m 
c) GI column 
1 饥 TIC (^A) 
U n s a t u r a t e d z o n e S a t u r a t e d z o n e 
0 10 20 30 40 6 0 00 70 80 gO 100 110 120 0 10 20 30 40 60 00 70 SO DO 100 UO 120 
Time (days) Time (daya) 
一 20 o m - * - 60 o m BO o m Slurry " • " S l u r r y 110 o ia 2 0 6 o m 300 o m 
91 
F i g u r e 6.10 ( c o n t i n u e d ) 
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levels (less than 100 m g / L ) (Figure 6.6b, Figure 6.7b) T O C and TC levels in 
V F were usually less than 500 m g / L with the exception of the upper profile 
(Figure 6.6a, Figure 6.7a). Extremely low T O C and TC levels were found in 
GAl-2; usually less than 50 m g / L (Figure 6.6e, Figure 6.7e). 
The levels of TIC for GI, G F and GA3-4, particularly in the unsaturated 
zone, tend to exceed the levels of TIC in the slurry waste. V F and VAl-3 
column s h o w e d irregular responses, but its levels were lower than that of 
slurry. T h e TIC levels of GAl-2 columns were usually close to zero (Figure 
6.8). 
6.4.2 Carbon transformation mechanisms 
The carbon levels of GI, GF, GA3-4 were low initially, followed by a 
gradual increase to a more stable level. This pattern suggests that the 
dominant process in organic removal is microbial degradation. It is logical to 
assume that the first period corresponded to faster initial adsorption; until 
adsorption was saturated, and the second period to the breakthrough of 
excess organic substances that were removed only b y biodegradation. 
W h e n the BOD5 concentration level is plotted against the depth a log-
normal relationship is apparent (Figure 6.9). T h o u g h the overall percentage 
of purification increases with depth, the rate of reduction decreases with 
depth. There was no intention in this study to develop empirical relationships 
between BOD5 concentration and soil depth because only six sampling points 
were given. 
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Figure G.9 Coi i ce i i Ira l i o n froriL of l e a c h a t e 
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Almost complete removal of BOD5 occurred in the top 10 c m of V F , while 
the same removal in GI required 300 c m of soil depth. BOD5 remained in the 
leachate from G F at soil depth of 300 c m . It was earlier explained that BOD5 
removal varied in different soil types while filter coefficients were different. 
T h e difference between the GAl-2 a n d GA3-4 indicates that the accommodation 
rate also has a determinating effect on purification. T h e reduced rate and 
increased retention time of the former improved the soil purification efficiency. 
In an effort to clarify the carbonic transformation within the soil 
profile, a correlation matrix for the four parameters is presented (Table 6.1). 
Excellent positive correlations between T C and T O C indicated that almost all 
of the total carbon consists of organic carbon. A n extremely high correlation 
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between T O C a n d BOD5 indicated that almost all of the organic carbon w a s 
biodegradable a n d in dissolved form, it is because the m a n u r e dissolved in the 
slurry are biodegradable in nature. It should be noted that the correlation 
a m o n g the remaining parameters were also significant. This suggest the 
carbons, n o matter in which form, are derived from the s a m e origin, namely 
the slurry. 
Table 6.1 T h e correlation matrix of carbon 
BOD5 T C T O C 
T I C 0.56 (n=407, R<0.01) 0.65 {n=544, p.<0.01) 0.66 (n=407, p_<0.01) 
T O C 0.97 (n=407, ^<0.01) 0.92 (n=544 , ^<0.01) 
T C 0.75 (n=503, ^<0.01) 
T h e TIC of soil leachate w a s higher than that of slurry. This indicates 
that microbial respiration w a s in prevail which organic carbon w a s digested 
a n d inorganic carbon s u c h as CO2, w a s formed. A prior study f o u n d that 
a m o u n t of CO2 p r o d u c e d in one d a y would raise. T h e soil atmosphere 
concentration ia a column of 25°C at 1 atm. pressure to between 3.4 a n d 5.7% 
CO2 (Magdoff et.al. 1974a). A portion of the soluble-C might h a v e been leached 
into deeper profile which TIC w a s e n h a n c e d . While CO2 w a s addition, p H w a s 
usually lowered which converted the carbonate into bicarbonates 
(recarbonation). 
6.5 Nitrogen 
T h e concentrations of nitrogen in the leachate were determined b y 
measuring T N , NH4-N a n d NO3-N. 
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6.5.1 nitrogen attenuation 
In columns GI a n d GA2-4 the concentration of T N in the leachate from 
the u p p e r unsaturated zone rose rapidly to the concentration levels of the 
slurry input (Figures 6.10c, f). Concentrations in the lower unsaturated zone 
a n d the u p p e r saturated zone also achieved high levels, but m a y have a 
slower rate of increase. A considerable degree of purification could be found 
at these depths which resulted in T N levels of about 800 to 1200 m g / L . T h e 
lower saturated zone (205 c m a n d 300 c m ) exhibited a gradual long-term 
increase to approximately 250 m g / L . T h e pattern of T N levels in the G F 
column (Figure 6.10d) w a s similar to that of GI a n d GA2-4, t h o u g h the rate of 
increase w a s faster. 
T N levels in V F were usually less than 50 m g / L with the exception of 
the surface profile (20 cm). Below this, the T N concentration sharply declined 
(Figure 6.10a). V A l - 3 a n d GFl-2 T N levels were further lower than V F , a n d 
usually less than 10 m g / L (Figures 6.10b, e). 
T h e patterns of response of NH4-N concentrations in the soil columns 
were similar to T N . This w a s because the nitrogen in the leachate w a s found 
predominantly in the a m m o n i a form. For the unsaturated zones of GI, G F a n d 
GA3-4 there w a s a rapid rise to the concentration levels of slurry input (800-
1200 mg/L). Concentrations in the u p p e r saturated zone also achieved high 
levels, but the rate of increase w a s slower (Figures 6.11c, d, f). NH4-N levels 
in G F , V A l - 3 a n d GAl-2 also rose to a m a x i m u m of 610 m g / L in the u p p e r part 
of the unsaturated zone (Figures 11a, b, e). A m m o n i u m ions m o v e slowly in 
the soil, a n d w h e n combined with the reduced rates of infiltration in GAl-2, 
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Figure 6.10 (continued) 
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Fig.6.11 NH4 — N concentrat ion of slurry and 
soil leachate 
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Figure 6.11 (continued) 
d) GF column 
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Pig,6.12 N03-N concentrat ion of slurry and 
soil leachate 
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F i g u r e 6.12 (continued) 
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V F a n d VAl-3, led to concentrations of NH4 m the surface layer with sharp 
declines in concentration with depth below this. 
NO3-N w a s significant in leachate from the u p p e r a n d mid unsaturated 
zones of GAl-2 for the latter half of the study period. Values exceeded 100 
m g / L (Figure 6.12b). H o w e v e r , levels declined rapidly within these soil 
profiles a n d only occasionally exceed 10 m g / L in the saturated zone. Leachate 
from the saturated zones of GI, G F a n d GA3-4 contained higher concentrations 
of nitrates than the other columns, as high as 75 m g / L , a n d c o m m o n l y 
exceeding 20 m g / L (Figures 6.12c, d, f). NO3-N is mobile a n d m o v e s easily into 
water bodies, especially if infiltration a n d permeability rates are higher, as in 
these columns. 
6.5.2 Nitrogen transformation mechanisms 
* 
T h e interpretation of nitrogen purification is complicated because the 
nitrogenous c o m p o u n d s are inter-transforming within the soil matrix. Based 
on the accumulated information provided t h r o u g h previous studies, it would 
seem that the major mechanisms of nitrogen removal include : 
1) DenitrifLcation; 
2) Volatilization of NH3； 
3) Adsorption of NH4+ b y the clay fraction; 
4) Incorporation into microbial tissue; a n d 
5) Adsorption of NH3 b y organic matter. 
In order to support denitrifLcation a soil m u s t contain NO3-N or� N〇2-N, 
available organic C, a sufficiently low redox potential (lower than -200 m V ) and 
an active denitrifying population. Usually, the denitrification rates in soil are 
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more frequently limited b y the availability of organic C ( B o w m a n & Focht 1974, 
Lance & Whisler 1976) than b y the population of denitrifying bacteria, s m c e 
these heterotrophs can be both fast growing a n d capable of anaerobic 
metabolism (Gilbert et.al. 1979). 
At the start of experiment, NH4-N accumulated in the soil a n d w a s 
quickly nitrified to nitrate d u e to m a s s flow of o x y g e n . Peak nitrate values 
could be found at day 22 (Figure 6.12). A s infiltrating slurry m o v e d 
d o w n w a r d , the greater mining of nitrate a n d sufficient available organic 
carbon e n h a n c e d denitrification. While the column continued to be p o n d e d , 
restricted entry of o x y g e n limited the nitrification reaction. A high NH4+ to 
N〇3_ ratio evidence that this w a s an anaerobic environment. H o w e v e r , the 
environment probably still favoured denitrification because sufficient available 
organic carbon a n d nitrate which derived from the slurry. 
T h e redox potential c h a n g e in G A is s h o w n in Figure 6.13. T h e redox 
potential d r o p p e d very fast at the first few d a y s to reach the -300 m V . This 
suggests that denitrification occurred e v e n at this early stage of dosing. T h e 
redox potential was continuously lower than -200 m V , indicating that 
denitrification w a s possible in the saturated zone until day 67. O n day 64 a 
reduction in pig n u m b e r s at the experimental station caused a production of 
diluted slurry. Insufficient available nitrate cause an increase in redox 
potential hindering the denitrification process. B y d a y 83, as nitrate a n d 
organic carbon were available, denitrification was activated hence low redox 
potential values were measured. 
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Figure 6.13 Redox potential change in 
the experimental period 
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Furthermore, whilst the slurry entered the columns with an alkaline pH, 
some ammonium ions were converted to free ammonia and slowly released into 
the atmosphere. Some N undoubtedly would be incorporated into microbial 
cells, and the removal by this mechanism should correlate with the available 
C. Since the C/N ratio of microbial tissue varies between 5:1 and 10:1 (Lance 
& Whisler 1972), nitrogen incorporated into microbial tissue was 1/5 to 1/10 of 
the carbon lost in this way. In this study, no attempt was made to assess the 
carbon lost in this manner. Moreover, no attempt was made to determine the 
precise C and N ratio necessary for microbial respiration. Some prior studies 
indicated that the actual amount of N incorporated was probably much less 
than this range because some C is lost as C02 in microbial respiration ( La n ce 
& Whisler 1972). 
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T h e physical a n d chemical adsorption of NH3 b y organic matter could 
also account for the removal of a significant a m o u n t of N from slurry. These 
reactions could occur both u n d e r aerobic a n d anaerobic conditions, but 
primarily occur a b o v e p H 7. If thiLS were the case in the columns, nitrogen 
would mainly b e r e m o v e d in the u p p e r s e g m e n t s w h e r e higher p H value were 
found. 
In conclusion, nitrogen is probable r e m o v e d d u e to a combination of the 
processes mentioned a n d it is difficult to quantify the relative contribution of 
individual processes. H o w e v e r , the prior research indicated that the only 
m e c h a n i s m capable of significant nitrogen removal in this case is the 
denitrifLcation process (Carlson et.al. 1982). 
6.6 P h o s p h o r u s 
P h o s p h o r u s concentration is another m e a s u r e m e n t of the nutrient level 
of soil leachate. T w o parameters, T P a n d PO4-P, were determined. 
Leachate in the unsaturated zones of GI, G F a n d GA3-4 (Figure 6.14c, 
d, f, Figures 6.15c, d, f) rapidly rose to levels exceeding 100 m g / L in GA3-4 
a n d exceeding 200 m g / L in GI a n d G F for total p h o s p h o r u s , a n d to levels 
exceeding 100 m g / L for GI, G F a n d GA3-4 for phosphates. Occasionally the 
concentrations of total p h o s p h o r u s in the saturated zone rose a b o v e 10 m g / L , 
but never exceeded 40 m g / L , whilst levels of phosphate in the saturated zone 
did not exceed 4 m g / L . 
T h e volcanic soil columns s h o w e d little rise in T P a n d PO4-P levels. T h e 
saturated zone concentration of total p h o s p h o r u s w a s usually less than 10 
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Fig.6.14 TP concentrat ion of slurry and 
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F i g u r e 6.14 ( c o n t i n u e d ) 
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Fig.6.15 P04 — P concentrat ion of slurry arid 
soil leachate 
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Figure 6.14 (continued) 
d) GF co lumn 
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ing/L' whilst the saturated zone concentrations for V F did not exceed 0.5 rng/L 
and VAl-3 and were normally less than 5 m g / L (Figures 6.14a, b. Figures 
6.15a' b). GAl-2 levels of total p h o s p h o r u s were even less, peaking at 6 m g / L 
in the unsaturated zone a n d less than 2 m g / L in the saturated zone (Figure 
6.14e, Figure 6.15e). 
W h e n the p h o s p h o r u s enters the soil it is sorbed b y the mechanisms of 
adsorption and precipitation. Whereas adsorption is faster a n d dominates in 
the early stages of p h o s p h o r u s addition (Nagpal 1986), precipitation b y Ca 
(Lance 1977), Fe a n d Al ( S a w h n e y 1977) oxides is responsible for the slower, 
long-term sorption of P by soils (Nagpal 1985). In most situations these two 
mechanisms are sufficient to stabilize all the p h o s p h o r u s a d d e d in the soil. 
Theoretically, a higher proportion of clay enhances adsorption and 
precipitation a n d m a y improve purification. Despite the higher proportion of 
clay in the granitic soil columns, especially with in GI a n d G F , the m o v e m e n t 
of p h o s p h o r u s was more apparent here than with the volcanics. This 
illustrates ones again the importance of differences in the hydraulic 
characteristics of these columns. For GI a n d G F the infiltration rates were 
m u c h higher than the volcanics, or indeed those for GAl-2. 
In some columns there was a tendency for lower concentrations of T P 
and PO4 in leachate during the mid period w h e n levels of p h o s p h o r u s in the 
slurry also declined at this time. For other columns there is a gradual rise 
in levels. This particularly so in the u p p e r saturated zone where rises in 
pH reduce the retention of p h o s p h o r u s in the soil. 
I l l 
6.7 Sumniary 
T h e different soils have differing purification efficiencies; volcanic soils 
were more effective than granitic soils in purifying the pollutant, and alluvial 
soils were more effective than in-situ and footslope soils in treating slurry. 
Although the purification efficiency of these soils was significantly different, 
all columns demonstrated that in a 3 m soil, with a i m unsaturated zone and 
a 2 m saturated zone, the removal of more than 85 % pollutants was observed. 
This chapter highlights the important role of infiltration rates in 
purification. The leachate quality is appeared to be inversely correlated to 
the infiltration rate. H o w e v e r , it is not just the infiltration rate or 
accommodation loading of the slurry that is important, but also the pathway 
of pollutant m o v e m e n t is also important. This chapter further illustrates that 
the mat layer is effective in removing the pollutants, both as a filter and via 
its indirect effect on the infiltration regime of the system. 
Last but not the least, evaluating the leachate quality is difficult 
because of the n u m e r o u s parameters involved a n d their inter-transformation. 
This prompts a need for a composite evaluation of the leachate quality, to be 
discussed in the next two chapters. 
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C H A P T E R VII C H E M I C A L Q U A L I T Y O F SOIL L E A C H A T E 
Chapter 6 described the c h a n g e s to each of the leachate quality 
parameter within different soil type. Although such descriptions provide us 
with a clear picture of the attenuation of individual contaminants, s u c h results 
are not entirely fruitful for environmental purposes because the variation of 
certain parameters need not be consistent. It is therefore necessary to devise 
a composite rating to express overall leachate sample quality of each sample. 
With this perspective, analyses based on leachate samples as units is the main 
thrust of this chapter. T h e main purposes of this chapter are : 
1) B y classifying the leachate samples into several clusters, the water 
quality of the each soil leachate can be evaluated. 
2) B y fitting the results into the study m a p , the c h a n g e of leachate 
chemical quality in terms of spatial column position a n d temporal 
sampling time can b e revealed. Therefore the pattern of slurry 
purification can be s h o w e d .� 、�
In view of a n u m b e r of parameters involved multivariate techniques 
should be employed. A m o n g s t m a n y multivariate classification techniques, 
cluster analysis has the advantages of (Romesberg 1979): 
1) less stringent assumptions about the population characteristics of the 
objects; 
2) mathematically, a n d conceptually, less difficult. 
Hence it is used in this study to classify the leachate samples. Cluster 
analysis first computes the distances between the objects in a n-dimensional 
space, with each dimension representing one attribute, then uses measures of 
similarity to determine if t w o objects should be fused into one g r o u p (Sample 
& Green 1984). 
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Discriminant analysis then acts to validate a n d supplement cluster 
analysis. Discriminant analysis l s a test of a priori classification, which first 
establishes several discriminant functions a n d then use these functions to test 
whether the membership of the leachate samples is correctly predicted. 
Cluster analysis a n d discriminant analysis are complementary tests. 
T h e former develops a classification system based on the similarity of the 
objects, but it do not grantee a good classifkration. Discriminant analysis is 
not a grouping technique, but it can test whether the objects are correctly 
classified, a n d revises misclassified objects. 
Cluster analysis a n d discriminant analysis are c o m m o n l y used in water 
quality a n d climatology research. H o w e v e r , the author is not aware of its 
prevk)us field of land disposal, especially in laboratory evaluations. L a m 
(1980) applied s u c h analyses to identify 3 water categories from 305 stream ‘ 
water samples from the Shatin 
River. These techniques were also applied b y 
； 
L a m (1983) a n d Y u e n (1983) to the chemical analyses well water samples in the 
N e w Territories. B y comparing the m e a n s of the clusters, a description of 
the chemix:al evolution of well water w a s proposed. T h e applicability of s u c h 
description was limited, h o w e v e r , since it was not offered a temporal a n d 
spatial framework. 
7.1 Cluster Analysis of Leachate Samples 
Originally, there were 600 leachate sample observations in this study 
(10 columns x 6 depth x 10 runs). however, in order to conserve the 
consistency of data, observation with missing items were discarded leaving a 
total of 407 useable observations for statistical analysis. 
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For preventing the occurrence of unclassified samples, 5 initial cluster 
seeds were chosen a n d nearest the neighbor m e t h o d w a s employed to cluster 
the sample. 
Since the initial cluster seed n u m b e r w a s chosen arbitrarily, it w a s 
necessary to test whether there are significant differences between the 
clusters. T h e validation procedure wiU b e presented later, in the section of 
discriminant analysis (section 7.2). Because of the large n u m b e r of cases (407 
observations), a d e n d r o g r a m is not presented in this thesis. 
7.1.1 Clustering of soil leachate 
Using the a b o v e procedure, the leachate samples obtained in this study 
were classified into 5 groups, the chemical characteristics of which are 
summarized in Table 7.1. In order to evaluate the quality of soil leachate, 5 
clusters were c o m p a r e d with the slurry. T h e comparison of chemical 
constituent is s h o w e d in Table 7.2 a n d Figure 7 . 1 . 
Cluster I characterized b y a low concentration of nutrients, carbon 
a n d dissolved salts, a n d an absence of ^ m terms of purification, m o r e 
than 90 % the pollutants were r e m o v e d (except for NO3-N, 89.97%). This 
category can b e considered to be relatively clean or acceptable because s u c h 
concentrations d o not h a v e harmful effects o n general domestic purposes. 
H o w e v e r , it still be not suitable for drinking purposes because of the 
remaining a m m o n i a (2.85 m g / L ) a n d organic carbon (117.76 m g / L ) . 
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Table 7.1 Chemical properties of 5 clusters 
'•11 I I II II 
Parameter cluster 
I II III IV V 
P" "i^ an 1 1.33 1.18 0.66 0.88 
std dev 0.74 0.81 0.29 0.45 0.34 
coef.var.(%) 74 60.9 24.6 68.2 38.6 
COND mean(us) 439.01 2211.5 6339.48 6152.48 8461.36 
std.dev.{uS) 300.99 770.24 777.69 732.57 751.28 
coef.var.(%) 68.6 34.8 12.3 11.9 8.9 
TIC inean(mq/L) 15.77 81.33 636.8 430.59 666.29 
std.var.(ing/L) 25.59 96.23 172.22 207.87 195.28 
coef.dev.(%) 162.3 118.3 27 48.3 29.3 
TOC mean(mg/L) 117.76 565.49 741.38 1423.27 1611.18 
std.dev.(mg/L) 138.33 358.04 221.14 234.02 405 27 
coef.var.(%) 117.5 63.3 29.8 16.4 25:2 
BOD5 mean{ma/L) 172.61 1017.68 1074.29 2893.09 3114.73 
std.dev.(rag/L) 294.01 802.22 433.72 490.84 936 22 
coef.var.(%) 170.3 78.8 40.4 17 30:1 
inean(no./lQOml) 0 0 8.39E+5 3.34E+6 3.95E+6 
TN y”n(nyL 丨� 17.06 209.93 886.11 929.35 1232.38 
std.dev.(mg/L) 18.08 170.38 146.79 178.53 208.77 
coef.var.(%) 106 81.2 16.6 19.2 16.9 
NH4-N 〒(！lyL 丨 2.85 114.07 749.49 661.41 899.29 
std dev.(mg/L) 8.21 113.14 151.39 115.02 232.03 
coef.var.(%) 288.1 99.2 20.2 17.4 25.8 
NO3-N mean(ina/L) 6.67 35.99 17.06 26.49 47.59 
std.dev.(ing/L) 11.08 77.73 8.47 17.03 47.78 
coef.var.(%) 166.1 216 49.6 64.3 100.4 
TP jean(nyL丨� 0 99 5.32 24.79 53.34 97.97 
std dev.(mg/L) 1.66 15.53 30.58 61.34 78 36 
coef.var.(%) 167.7 291.9 123.4 lib 80 
PO4-P mean(ina/L) 0.27 3.26 15.36 32.93 63.69 
std.dev.(mg/L) 0.62 12.21 25.93 44.25 57.81 
coef.var.(%) 229.6 374.5 168.8 134.4 90 8 
• I I I I I •^ih—• !• 111 I It !•--"• . .. — . 
Mean coef var.{%) 155 141.9 51.3 51.2 44 6 
Nearest cluster II I IV III t V 
Cluster distance 2027.6 2027.6 1965 1965 2342 
" ‘ 'irsecaacas: 1 .11 ， 丨.1 , i.——^―— _ . . __ _ . 丨  _ . . _ 
Legends : COND -specific conductivity TIC - total inoraanic carbon 
J^C -total 9rganic carbon BOD - biochemical oxygen demand 
total nitrogen NH4-N - ammonia nitrogen 
jOfJ _ nitrate nitrogen TP - total phosphorus 
P04-P - phosphate phosphorus 
Note : 1/ Values of pH was measured as 丨•deviation from pH 7” 
2/ li- coli was measured in log scale, only means were provided 
.!• irEmPB � [• - um UlllililUllMIIWtUlliil.1 "m "•^pgg—pgp^™••gggl^WI HWf-l •JMIiWIPiMILLliL] I .li^ f^ i . ,m l^ if 1.^ ,., ,, ,,, I 
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Table 7.2 Relative chemical composition of 5 clusters a n d slurry 
LLmaIggr-MWl. < mi ^ 1 II I . I •• ••iMB^UjLiMWijp—... M, I f p i—^―—, 
j i i i i i " i i II •凰I•顯JiI MMt I. a s a a a g — B a — ^ ― 
Parameter Slurry cluster I n III IV V 
P5J„ 1 2.5000 3.3250 2.9500 1.6500 2.2000 
COND 1 0.0639 0.3220 0.9229 0.8957 1.2300 
lis, 1 0.0815 0.4205 3.2927 2.2264 3.4451 
p C 1 0.0547 0.2626 0.3443 0.6610 0.7483 
BOD5 1 0.0333 0.1963 0.2072 0.5579 0.6007 
^ 1 0.0000 0.0000 0.0049 0.0195 0.0231 
™ „ 1 0.0141 0.1739 0.7339 0.7697 1.0207 
1 0.0040 0.1605 1.0544 0.9305 1.2652 
NO3-N 1 0.1003 0.5412 0.2565 0.3983 0.7156 
TP ^ 1 0.0039 0.0208 0.0968 0.2082 0.3824 
PO4-P 1 0.0017 0.0204 0.0960 0.2058 0.3981 
Cluster II contains slightly m o r e carbon, nitrogen a n d p h o s p h o r u s . T h e 
most distinctive characteristic of this g r o u p is the drastically high NO3-N 
content (35.99 m g / L ) , indicative of leaching of nitrate from the u p p e r profile, 
thereby prompting a eutrophication risk. T h e soil leachate of this cluster can 
b e considered as slightly polluted or eutrophicated. 
Figure 7.1 Relative chemical composition of the soil leachate 
Note : Dala are standardised by taking slurry as reference (100) 
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The most distinct characteristics of cluster III are : 
1) the occurrence E. coli, indicating of pollution by faecal sources; 
2) high TIC (636.8 m g / L ) and NH4-N content (749.49 m g / L ) but medium T O C 
(741.38 m g / L ) and TN content (886.11 mg/L), indicating that mineralization 
of carbon a n d nitrogen is occurring; 
3) high conductivity (6339.48 uS). 
This group is considered to be polluted. 
Clusters IV and V both contain very high concentrations of each of the 
pollutants, suggesting they were both grossly polluted. T h e difference 




T h e purification process can be represented b y the changes of chemical 
composition m five clusters (Figure 7.1). T w o significant features can be 
found : 
1) Different parameters have different attenuation pattern. E . cgK and 
phosphorus are easily removed b y die-off and precipitation thus their 
concentration are low, even within cluster V. But the dissolved salts a n d 
nitrogen are relative difficult to remove and high concentrations resulted, 
even in cluster III. Carbon was moderately easy to treat and it gradually 
decreased with depth in the soil. 
2) During the purificatiDn process some by-products are formed, e.g. the 
increase of TIC m a y be d u e to the degradation of TOC; NH4-N and N03-N 
are derived from the b r e a k d o w n of organic nitrogen. T h u s concentrations 
of these parameters are occasiDnaUy increased in clusters II and III. 
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7.2 Discriminant Analysis of Leachate Samples 
Discriminant analysis is a second level analysis which acts to validate 
a n d s u p p l e m e n t cluster analysis. T h e first step of the analysis is to see 
whether the b e t w e e n g r o u p variability are significantly larger than the within 
g r o u p variability. T h e result, according to the Direct^ test, indicates that the 
g r o u p s defined b y the cluster analysis are significant. 
T h e core of dLscriminant analysis is then to set u p a set of discriminant 
functions which differentiate the various groupings. T h e m a x i m u m n u m b e r of 
discriminant functions required to account for all the variations in the data 
is equal to the n u m b e r of variables or o n e less than the n u m b e r of g r o u p s , 
whichever is the smaller. Since there are 5 clusters, there are only 4 
discriminant functions. Table 7.3 s h o w s the loading of each water quality 
parameter o n the discriminant functions. 
7.2.1 Discriminant functions 
T h e first discriminant function accounts for m o r e than 90% of the total 
variance with the specific conductivity having the greatest loading. W h e n w e 
take the second discriminant function into consideration w e find that it is 
c lose ly related to BOD5, T N a n d NH4-N. T h e negative sign associated with 
NH4-N indicates that the discriminant function is responding to a decrease in 
NH4-N while responding to increases in T N a n d BOD5. 
,, Direct test is to test whether the between group difference are significantly larger 
than the within group variability in a general (non step-wise) case. 
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Table 7.3 Relative contribution of each parameters to discrimmant functions 
Discriminant functions 
I II III IV 
p H -0.3269 
C O N D 0.7809 -0.2496 0.6472 0.2269 
TIC -0.2345 0.4455 
T O C 1.1354 
BOD5 0.2285 0.9962 -1.0280 
Eu. coli 0.2369 -0.5327 
TN 0.5718 0.9552 -0.2869 
NH4-N -0.6046 -0.3597 
NO3-N -0.2205 0.6305 0.3421 
T P -0.2042 
PO4-P 0.6519 1.0128 
Variance 
explained(%) 93.9 4.33 1.21 0.56 
Note : loading < 0.2 omitted 
Since the loading of each parameter on the discriminant function is 
a m e a s u r e of its discriminatory p o w e r , the results in Table 7.3 indicate that 
the cluster g r o u p s were largely differentiated b y specific conductivity, B O D S , 
T N a n d N H 4 - N . These results also imply that the discriminatory p o w e r of the 
other parameters is rather w e a k a n d that they are not the important 
attributes of the clustering groups. 
7.2.2 Cluster grouping a n d their relationships 
O n c e the discriminant functions h a v e been set u p , it is possible to 
evaluated the cluster m e a n s (centroid). T h e calculated results are s h o w n on 
Table 7.4. 
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T ^ l e 7.4 Evaluation of cluster m e a n s by discriminant functions 
Cluster Discriminant functions 
I n III IV 
T^T -4.2644 -0.1438 -0.3557 0.0419 
j\\ -1.2828 0.7700 1.1350 0.0704 
III -2.2884 0.2424 -0.2498 
6.6699 1.9617 -0.4715 -0.2498 
V 10.5237 0.8507 0.4587 1.0167 
For showing the relationship a m o n g the five clusters, a territorial 
m a p a n d all-group scatterplot of the clusters are s h o w n as Fig 7.2 a n d 7.3. 
Limited b y the n u m b e r of dimensions that can be graphically represented, 
only the first two functions were included in the diagrams. This entails s o m e 
loss of information. H o w e v e r , as the first two function could explain more 
than 98% of the variance this loss is minimal. Figure 7.2 clearly s h o w s that 
discriminant Function I i. able to di^crimmate the sample into 4 groups: 
cluster 1, 2, 3 'and 4 a n d 5 c o m b m e d . Furthermore Function II is able to 
distinguish clusters 3 and 4 as two independent units. T h e diagram also 
s h o w s "nearness" relationships a n d the relative centroid distance of each 
cluster to another. 
Since each figure inside the all-groups scatterplot represents a unit 
‘ of observation belonging to its o w n cluster, the scatter degree of this figure 
indicates the variation within the cluster. Figure 7.3 s h o w s that clusters I 
and II have a large in-group deviation a n d III, IV and V have a relatively 
small deviatdxm. S u c h a deduction is also consistent with Table 7.1, whereas 
cluster III, IV and V have a low coefficient of variation (44.62 - 51.3%) and I 
and II have a high coefficient of variation (155.0 a n d 141.9 respectively). 
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F i g u r e 7 . 2 T e r r i t o r i a l m a p of 5 c l u s t e r s 
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7.2.2 Scanning the misclassifLed samples 
Using the discriminant functions so defined, the cluster membership of 
leachate sample was tested whether the previously cluster classification were 
correctly classified. T h e comparison result is s h o w n in Table 7.5. For 
cluster I, 198 out of 200 samples (99 %) had been correctly classified, only 
2 (1.0 %) had been misclassified. For clusters II, III and IV, more than 90 % 
of cases had been correctly classified. Cluster V also s h o w e d a high 
percentage of accuracy. T h e overall probability of correct classifying was 
96.07%. After regrouping, the n u m b e r of leachate samples in each category is 
s h o w n in the bottom row of Table 7.5. 
Table 7.5 Predicted grouped membership of discriminant analysis 
Cluster analyses Discriminant analysis ‘ 
Preliminary group Predicted group membership 
Cluster I II III IV V 
(no. of cases) (no. of cases) 
C 3 I I I I I I I I ' I I m i l I B M I I I I I I I ! • I I • • • • • _ • • • I I I I • i i • • I I • • i i I I I i l l I I I I | |_ • • I I I r i . 1 • I I I I • I I I ' I I I I I I r r r r 
I (n=200) 198 2 
(99.0%) (1.0%) 
II (n=79) 4 74 1 
(5.1%) (93.7%) (1.3%) 
III (n=58) 57 1 
(98.3%) (1.7%) 
IV (n=37) 2 35 
(5.4%) (94.6%) 
V (n:33) 4 2 27 
(12.1%) (6.1%) (81.8%) 
= I ： I . i L t i l l I 【 I • I • I I I I I I i r I n I .1 I I i i i i I 
Total�(n=407) 202 76 64 37 28 
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7.3 Spatial a n d Temporal C h a n g e s of Soil Leachate 
To examine the spatial a n d temporal c h a n g e of soil leachate quality in 
the soil column, three dimensional diagrams, w h e r e the x, y a n d z axes 
represent soil depth, time a n d cluster membership respectively, were plotted 
(Figures 7.4 - 7.7). Since there were m a n y missing incomplete data for the 
volcanic soils, only granitic soils are presented. A s discussed in sectixDn 7.1, 
cluster V was the most polluted a n d cluster I was the least polluted. T h u s 
the relief of the diagram represent the pollution status of the soil system. 
F r o m the preceding figures, five features can be found : 
1) Different soil types h a v e differing purification efficiency. T h e 
purifLcatiDn efficiency of G A soil is the highest but that of G F soil is 
the lowest. 
2) T h e relationship between the degree of pollution a n d time is sigmoid. 
At the beginning of the experiment, the initial adsorption of pollutants 
b y clay particle retains soil leachate quality. But once all the reaction 
sites of clay particles are occupied a n d breakthrough occurs, the 
leachate quality is deteriorating. After the mat layer has established, 
the quality of soil leachate remain in equilibrium. 
3) T h e quality of soil leachate is improved with depth. It m a y be because 
the residence time of slurry increases with depth, thus more pollutants 
are r e m o v e d . 
4) T h e s a m e soil can reacts differently because of different infiltration 
rates, for example, GAl-2 (Figure 7.6) a n d GA3-4 (Figure 7.7). A low 
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figure 74 Cluster membership of soil leachate in GI 
Figure 75 Qusber membership of soil leachate in GF 
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Mgure 76 auste- membership of soil feacMe in GAl k 2 
Note: means of GAl & 2 were provided 
Figure 77 Qusljer membership of soil leachate in GA3 & 4 
Note: means of GA3 k 4 were provided 
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infiltration rates implies high soil/slurry ratio, more reaction sites and 
reaction time for purification, thus improved water quality. 
5) T h e quality of slurry probably also has an effect on the quality of soil 
leachate. There are "saddling" effect between days 64 to 92 because 
the pollutant concentration of the slurry during that period was lower. 
7.4 S u m m a r y 
T h e quality of soil leachate examined in this study lay in a spectrum 
of extremely polluted, grossly polluted, polluted, slightly polluted and 
acceptable. T h e acceptable soil leachate (cluster I)is not harmful to health, 
but is still not suitable for drinking purposes. T h e slightly polluted soil 
leachate (cluster II) m a y cause eutrophication. T h e remaining soil leachate is 
of poor quality m a y pose a threat to public health. 
A m o n g several pollutants, E^ c ^ a n d phosphorus are the two most 
easily removed and nitrogen and dissolved salts are the most difficult. 
Carbon is moderate easy to be removed. 
Specific conductivity had the highest discriminatory power and is thus 
a good indicator of pollution. 
In general, the degree of pollution increases with time and decreases 
with depth. In addition to these the temporal a n d spatial factors, the soil 
leachate quality is dependent on three factors : soil type, infiltratiDn input 
and slurry quality. 
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C H A P T E R VIII C O N T R O L L I N G F A C T O R S O F T H E L E A C H A T E Q U A L I T Y 
In the last chapter, analyses based on leachate sample clearly identified 
patterns of slurry purification. H o w e v e r , these analyses only provide us with 
a basic description of this change, but do not help to explain w h y these 
changes have occurred. T h e main purpose of this chapter is to establish the 
underlying factors which govern the purification. Factor analysis a n d 
multivariate analysis of variance ( M A N O V A ) are used to achieve this. 
Factor analysis, a technique developed b y psychometrists a n d others, 
the analysis allows the researcher to build column vector indexes that explain 
variation in the data set in fewer than the original n u m b e r of column vectors 
(Harman 1970). T h e functions of factor analysis as used in this study are : 
1) To reveal the underlying relationships a m o n g s t the chemical parameters 
of soil leachate ( w h e n t w o parameters are to the s a m e factor it m e a n s 
that their attenuation properties are similar). 
2) To reduce the volume of data set to a comprehensible size a n d to derive 
n e w factors for explaining the existing variation. 
This technique has been successfully used in the environmental study 
of water quality. J o u n g et.al. (1979) applied factor analysis to test 895 water 
samples of Carson Valley, N e v a d a a n d proposed a generalized water quality 
index for water quality evaluation. Shoji et.al. (1966) applied factor analysis 
to identify 4 principal factors from 20 original water quality parameters in the 
Yodo River System, Japan. Factor analysis was also applied b y D a w d y et.al. 
(1967) to results of chemical analysis of 103 water samples from wells in 
Mojave River Valley, California. Three principal chemical types of water were 
identified. H o w e v e r , these studies were intended to generalize a composite 
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pollution index but not to investigate the underlying relationship a m o n g those 
parameters. 
In this study, M A N O V A accompanies factor analysis. M A N O V A is an 
expansion of analysis of variance (ANOVA), but it can deal with several 
independent a n d d e p e n d e n t variables at the s a m e time. In principal, it is a 
hypothesis generating test which determine whether the effect(s) of 
independent variable(s) on the d e p e n d e n t variable(s) is(are) statLstLcal 
significant. 
In the M A N O V A within this thesis, the d e p e n d e n t variables were the 
factors summarized b y the factor analysis. T h e advantages of using these 
factors are : 
1) more comprehensive; 
2) more precise; 
3) relates the M A N O V A analysis to the former analyses; a n d 
4) relates the results of M A N O V A to the mechanisms of purification, in turn; 
5) resulting a more explanatory power. 
Only a few attempts had been m a d e to evaluate the effects of 
environmental a n d external factors on the purificatLon efficiency of land 
disposal (Simon & Magdoff 1979, R o w s e U et.al. 1985). Simple A N O V A had been 
used to investigate the effect of slurry composition on the infiltration rate 
(RowseU et.al. 1985). Simon & Magdoff (1979) had applied stepwise regression 
to investigate the relation of clogging to certain external factors. In 
s u m m a r y , pri^r studies have used such statistical method to investigate 
physical aspects of land disposal; in this study, M A N O V A is also used to 
investigate the chemical quality of leachate. 
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M__Inter-relationship of Leachate Chemical Quality 
T h e data set for this analysis is exactly same as that of chapter 7, in 
which observations with missing item were discarded leaving a total of 407 
useable observations. 
T h e first step of the analysis is to construct a correlation matrix of 
the eleven parameters (Table 8.1). This provide us with a first glance at the 
correlations amongst the parameters, and to calculate the eigenvalues of the 
initial factor (principal components). As expected, m a n y of parameters 
significantly correlate with others. Particularly strong correlations 
(r2>0.9, £<0.0001) are found a m o n g : 
a) Specific conductivity, TIC, TN, and NH4-N; 
b) T O C and BOD5；�and�
c) PO4-P and TP. 
Table 8.1 Correlation matrix of chemical parameters 
PH COND TIC TOC BOD E. coli TN NH4-N N03-K TP P04-P 
P O [ P -.0852 .5343 .3935 .6088 .5793 .4221 .5455 .5180 .1651 9727 1 
TP -•0900 .5860 .4315 .6605 .6360 .4630 .5995 .5692 .1810 1 
K03-K -.0895 .2701 .1202 .1629 .1553 .0609 .3154 .2095 1 
NH4-N -.0627 .9557 .9217 .7711 .7010 .7518 .9729 1 
TN -.0858 .9735 .9099 .8105 .7462 .7532 1 
-.0808 . 7606 . 7018 . 6643 . 6053 1 
BOD .0429 .7699 .5643 .9725 1 
TOC .0418 .8347 .6556 1 
TIC -.0353 .9068 1 
COKD -.0589 1 
pH 1 
_ " ' ' ' ‘ I • “ ‘ “ II ^saterncssTxsauxss—ermr^』..n. _... n. •• 
Legends : COKD - specific conductivity TIC - total inorganic carbon 
TOC - total organic carbon BOD - biochemical oxygen demand 
TN - total nitrogen NH4-N - ammonia nitrogen 
N03-N - nitrate nitrogen TP - total phosphorus 
P04-P - phosphate phosphorus 
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T h e correlations a m o n g specific conductivity, TIC, TN a n d NH4 refer to 
the bulk properties (or soluble matter) of the soil leachate. Since these 
factors also correlate with T O C , BOD5, ^ coli, PO4-P a n d T P they are perhaps 
good indicators of the state or "health" of the system. T h e correlation between 
T O C and BOD5 indicates that almost all the organic carbon of the leachate is 
biodegradable. T h e correlation between T P a n d PO4-P is self explanatory. 
H o w e v e r , a correlation matrix only provides a general glance and does 
not necessarily unravel the underlying structure of the data. Factor analysis, 
b y ire distributing the variations a m o n g factors, was used to evaluate the 
relationship a m o n g the chemical parameters. All factors for w h o s e eigenvalues 
were greater than were rotated b y the varimax method. U n d e r this 
criteria, 3 factors were extracted (Table 8.2) which account for 82.28% of total 
variation. 
Factor I was represented b y high values for conductivity, TIC, T O C , 
BOD5, ^ coli, TN and NH4-N. A s mentioned in the preceding paragraph, they 
were the major constituents of the leachate a n d they can be further 
subdivided into 4 groups: dissolved ions (represented b y specific 
conductivity), carbon (BOD5, T C , T O C , TIC), nitrogen (TN, NH4-N, NO3-N), a n d 
bacteria (represented b y ^ coli). T h e lack of negative correlations a m o n g s t 
them - the absence of mutually exclusive components - indicates that the 
major constituents are controlled b y the same or a similar set of mechanisms. 
This is probably degradation^. This factor can hence be conveniently 
1 Only those initial factor with a eigenvalue >1 can be defined as "Factor" because its 
explanatory power is greater than a parameter. 
n 
"Degradation" is defined as irreversible breakdown of contaminants into unpolluted 
materials, (see Section 1.4) 
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referred to as the "degradation" factor. F r o m the figures s h o w n in the table, 
it can be said that 47.29 % of the variations in soil water quality can be 
ascribed to variations in the concentrations of the major constituents. 
Table 8.2 T h e results of factor analysis of soil leachate samples 
Factor 
I II III 
p H 0.8161 
C O N D 0.9238 
TIC 0.9291 
T O C 0.7333 0.5602 
B O D 0.6636 0.5762 
^ 述 0.7984 
T N 0.9163 
NH4-N 0.9244 
NO3-N -0.6175 
T P 0.9175 
PO4-P 0.6256 
Eigenvalue 6.7246 1.2338 1.0924 
Variance 
explained(%) 47.29 24.37 10.62 
accumulated(%) 47.29 71.66 82.28 
Note : Factor loading < 0.5 omitted 
Factor II, which accounts for 24.37 % of the total variation, is 
represented b y high values of T P , PO4, T O C a n d B O D . Whilst p h o s p h o r u s is 
r e m o v e d b y the precipitation process, carbon can be r e m o v e d b y m e a n s of 
absorption a n d physical filtration. Also, a low TIC value indicates that 
biological purification does not involve in this factor. T h u s this factor can 
be interpreted as the "soil retention" factor. 
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Factor III, is represented b y high values in p H a n d NO3-N. T h e p H 
value is negatively correlated to the NO3 value. This is because p H decreases 
as nitrification occurs. This factor can be interpreted as the ••nitrification" 
factor. It accounts for 10.68 % of the total variation of the data. 
8.2 Analytical F r a m e w o r k 
T h e attenuation of contaminants as they m o v e t h r o u g h the soil matrix 
are d e p e n d e n t u p o n several purification processes w h o s e rates are ultimately 
determined b y several factors. T h e s e can b e s u m m a r i z e d as : 
1) T h e characteristics of the system; the inertia a n d buffering capacity of 
the soil, the suitability of physical a n d chemical factors for degradation 
a n d adsorption; 
2) T h e degree of contact a n d the residence time of slurry in the soil; 
controlled b y the existing soil structure a n d the hydraulic conductivity 
of the soil; 
3) T h e pollutant/soil ratio; related to the slurry accommodation (infiltration) 
rate a n d the slurry concentration; a n d 
4) M a n a g e m e n t maintenance : routine maintenance a n d recovery remedies 
after system failure. 
In an attempt to investigate the contribution of environmental factors 
to pollutant purification, multivariate analysis of variance ( M A N O V A ) w a s used 
to analyze the soil leachate data. M A N O V A is a technique to test whether the 
effect of i n d e p e n d e n t variables on the d e p e n d e n t variables are statistical 
significant. In this study, the environmental factors are the independent 
variables a n d soil water quality, which is represented b y the three factors 
derived from the factor analysis, are the d e p e n d e n t variables (Table 8.3). 
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Table 8.3 Measurement scales for variables in the M A N O V A analysis 
Variable Measurement Level 
scale 
‘ ‘ 1 I I I I - 111 •• II "••—" • “ '"' ••丨 “‘ ‘ — 
Independent variables 
1. Soil type (T) Nominal 5 
T m ) = V F , V A , GI, G F , G A 
wnere i 二�1, 2, 3, 4, 5. 
2. Soil depth (D) Ordinal 6 
D(j) = 20cm, 50cm, 80cm, 110cm, 
205cm, 300cm 
where j 二�1, 2, 3, 4, 5, 6. 
3. Interaction of soil type and depth (A) Nominal 30 
A(k) = T(i| * D(j) 
= V F ^ 2 0 c m , VF*50cm, •“， 
GA*205cm, GA*300cm. 
where k = 1,2, 30. 
4. InfUtration rate (I) Interval -
=Daily infiltration rate 
5. Slurry concentration (C) Nominal 2 
C(L) = Concentrated slurry, diluted 
slurry 
where L = 1,2 
6. Gravel washing (G) Nominal 2 
G(m) = before washing, after washing 
where m = 1, 2. 
7. Raking (R) Nominal 2 
G(n) ” before washing, after washing 
where n =1, 2. 
Dependent variables 
1. Factor 1 (degradation) Interval -
2. Factor 2 (soil retention) Interval -
3. Factor 3 (nitrifLcation) Interval -
• I I ‘ ‘ ‘ ‘ ‘ 丨 ，1 • 'I I I ‘ i i i n i m i i n i , ； H I ' ' 1 I I g — c = c a « 
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Since there were interactions a m o n g s t the independent variables, each 
independent variable was tested on the basis that the other independent 
variables were partialized^ in order to test the "net" effect of independent 
variables on the d e p e n d e n t variables. In other words, w h e n assessing an 
independent variable, the remaining variables are treated as covariance. 
Furthermore, the interaction of some independent variables itself was 
considered as an independent variable a n d evaluated. For the infUtration 
rate, it is a property of soil type. T h u s it could be expected that the result 
of M A N O V A (while the other factors were partiaKzed^) would show an 
insignificant relationship between infiltration rate a n d leachate quality. With 
this in mind, another M A N O V A (without partialized a n y factor) testing the 
effect of infiltration rate on the leachate quality was undertaken. 
T h e dependent variables were the factors summarized b y the factor 
analysis, n a m e d degradation, soil retention a n d nitrification. 
^ _ E v a l u a t i n g the Effect of System Characteristics 
To test the significance of system characteristic effects on soil leachate 
quality, four independent soil characteristics (soil type, soil depth, interaction 
between soil type a n d soil depth, a n d infiltration rate), a n d three dependent 
pollution indices (three factors derived from the factor analysis ) were input 
into the M A N O V A model. Five distinct soil types were used in this study, thus 
the first independent variable is a nominal scale with 5 levels. It summarizes 
the bulk physical a n d chemical properties of the soils. Since the residence 
3 
We call this type of MANOVA test as Type III MANOVA (S.A.S. 1988). 
4 We call this type MANOVA as type I MANOVA (S.A.S. 1988). 
135 
time of slurry LS equal to the travel distance dividing b y the hydraulic 
conductivity of pollutant, 
t : 
Kc 
D p = K c X t 
w h e r e t = residence time 
Dp = pollutant travel distance (depth) 
Kc : hydraulic conductivity of pollutant. 
the soil depth, to a large extent, can represent the residence time. Using 
soil depth for analysis also has the advantage of easy manipulation a n d 
consistency a m o n g the ten columns. Since an unsaturated zone was overlying 
the saturated zone in each column, the measurements could not be considered 
interval. T h e scale is ordinal with 6 levels. T h e interaction factor, the 
product of above two factors, was also nominal with 30 levels. T h e 
pollutant/soil ratio' was represented b y the infiltration rate of each column. 
T h e m e a s u r e m e n t scale was interval. All 407 observations were included and 
the factor scores of the previous analysis were transferred to this present 
analysis. 
Although the M A N O V A can test the overall effect of environmental factors 
on leachate quality, it cannot distinguish the effect of particular environmental 
conditions of the soil system on leachate quality. For example, M A N O V A only 
determines whether soil type has a significant effect on leachate quality, but 
cannot isolate whether the effects of V A a n d G A are significantly different. 
T h u s a Fisher Least Significant Difference (LSD) analysis^ (post hoc) was used 
(Section 8.4). Fisher L S D is similar to a t-test, testing whether the difference 
in the m e a n value of two multivariate groups is statistically significant. 
5 Fisher LSD test was also called as planning comparison test or contrast test of 
(S.P.S.S” 1989) the mean factor scores. 
136 
8.3.1 Effects on "degradation" 
T h e effect of soil type was significant for degradation, F (4,376)二28.71, 
P_<0.05 (Table 8.4). This indicates that differing soils have differing 
degradation rates. T h e effect of soil depth a n d interaction were also 
significant for degradation, F(5,376)二28.01, p.<0.05 a n d F(20,376)=4.06, £.<0.05 
respectively. This indicates that, for all kinds of soil, the residence time of 
the slurry a n d the depth of the soil are a good defense against organic 
pollutants. O n the other h a n d , the net effect of infiltratLon rate is not 
significant on the leachate quality, F(l,376)二 1.13, p_>0.05. T h e extremely low 
F value of infiltration m a y be d u e to a close interaction between mfiltratiDn 
rate other soil factors, with the variance of the data already explained b y 
former three factors. While the other factors are not partialized, infiltration 
rate show a significant effect on the degradation, F(l,376)=32.52,�j^<0.〇5. 
Table 8.4 M A N O V A test of the effect of system characteristics on degradation 
Independent variable : soil type, soil depth, interaction, infiltration rate 
D e p e n d e n t variable : Factor I (degradation) 
S u m Sq. df M e a n Sq. F 
Total 406.0000 406 
Error 182.6923 376 0.4859 
Soil type 55.7952 4 13.9488 28.71 0.0001 
Soil depth 68.0450 5 13.6090 28.01 0.0001 
Interaction 39.4656 20 1.9733 4.06 0.0001 
Infiltration 0.5473 1 0.5473 1.13 0.2892 
N o t e : Infiltration (Type I) 15.7985 1 15.7985 32.52 0.0001 
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8.3.2 Effect on "soil retention" 
Different soil types provide significantly different retention capacities, 
F(4,376)=31.41, p.<0.05 (Table 8.5). T h e effect of soil depth and interaction 
were also significant for soil retention, F(5,376)=26.59, p_<0.05 and 
F(2,376)=15.82, p_<0.05 respectively. This indicates that the increase of soil 
depth enhanced the residence time, thus significantly improved the efficiency 
of adsorption and filtratLon. The net effect of infiltration was insignificant on 
the leachate quality F(l,376)二0.14, p>0.05. But, it was significant w h e n the 
other factors was not partialized, F(l,376)=33.70, £,<0.05. Thi^ also highlighted 
the close interaction between infiltration rate and other soil factors. 
Table 8.5 M A N O V A test of the effect of system characterLstics on soil 
retention 
Independent variable : soil type, soil depth, interaction, infiltration rate 
Dependent variable : Factor II (soil retention) 
S u m Sq. df M e a n Sq. F p_>F 
Total 406.0000 406 
Error 144.0733 376 0.3832 
Soil type 48.1374 4 12.0344 31.41 0.0001 
Soil depth 50.9359 5 10.1872 26.59 0.0001 
Interaction 121.2695 20 6.0635 15.82 0.0001 
Infiltration 0.0549 1 0.0549 0.14 0.7053 
Note : Infiltration (Type I) 12.9131 1 12.9131 33.70 0.0001 
8.3.3 Effects on "nitrification" 
The effect of soil type was significant for nitrification F(4,376)=2.54, 
P.= <0.05 (Table 8.6), indicating that different soil types have significantly 
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differing rates of nitrification. Nitrification was also significantly affected by 
soil depth, F(5,376)=4.33, R<0.05, the effect of interaction of soil type a n d soil 
depth, F(20,376)=4.50,且<0.05 a n d the infiltration rate, F(l,376):22.15, ^<0.05. 
Table 8.6 M A N O V A test of the effect of system characteristics on nitrification 
I n d e p e n d e n t variable : soil type, soil depth, interaction, infiltration rate 
D e p e n d e n t variable : Factor III (nitrification) 
S u m Sq. df M e a n Sq. F p ^ F 
Total 406.0000 406 
Error 282.5513 376 0.7515 
Soil type 7.6248 4 1.9062 2.54 0.0398 
Soil depth 16.2679 5 3.2536 4.33 0.0008 
Interaction 67.5900 20 3.3795 4.50 0.0001 
Infiltration 16.6456 1 16.6456 22.15 0.0001 
8.3.4 Overall effect 
T h e s u m of squares of the individual items were subjected to a Wilks' 
L a m b d a test to determine whether there w a s an overall effect of the 
i n d e p e n d e n t variables on soil leachate quality. T h e results are s h o w n on Table 
8.7. T h e test s h o w s that w e can reject the hypothesis, in other w o r d , soil 
type, soil depth, interaction of these t w o factors, a n d iafiltration rate all h a d 
a significant effect on the overall leachate quality. Soil type, soil depth a n d 
interaction significantly affect degradation, soil retention a n d nitrification; 
F=23.18, £.<0.05, F=22.44, p.<0.05 a n d F=8.07, £.<0.05, respectively. This 
highlights the importance of site selection on the prevention of faecal 
pollution. O n the other h a n d , although the infLltration rate of the system had 
a significant effect on the leachate quality, F=8.75, £<0.05, its effect was 
mainly in its contribution to nitrification. 
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Table 8.7 M A N O V A test of the over effect of system characteristics 
Statistics : Wilk's L a m b d a test (based on the T y p e III result) 
Hypothesis : There was an overall effect of system characteristics on 
the soil leachate quality 
Value F Num.Df Den.Df p > F 
Soil type 0.5194 23.1756 12 989.80 0.0001 
Soil depth 0.4590 22.4418 15 1032.85 0.0001 
Interaction 0.3414 8.0707 60 1116.646 0.0001 
Infiltration 0.9344 8.7495 3 374 0.0001 
8.4 Patterns of Pollutant Attenuation 
Figure 8.1 s h o w s the factor score distribution of five soil types plotted 
against soil depth. High factor scores represent high concentration of 
pollutants whilst low factor scores indicate relative good water quality. T h e 
m e a n curve is the m e a n value of the five curves a n d is used as a reference. 
For: Factor I, the curves of volcanic soils lay beneath the m e a n curve 
but the curve of granitic soils was above it. It indicates that less 
biodegradable pollutants could be found in volcanic soils, implying a better 
purificatixDn efficiency. O n the other h a n d , alluvial soils also demonstrated a 
better treatment efficiency than in-situ and footslope soil (Figure 8.1a). T h e 
concave shape of the curves of volcanic soil indicated that almost all of the 
biodegradable matters were r e m o v e d in the u p p e r profile. In other words, the 
degradatk)n process mainly occurred in the surface horizons. T h e convex 
shape of the factor score curves for granitic soil indicate that there was an 
initial rapid d o w n w a r d m o v e m e n t of the pollutants. Although pollutants 
entered the deeper horizons they were gradually reduced in concentration. 
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Figure 8.1 Factor score distribution of five soils 
a) Factor 1 (biodegradation) 
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In general, the retention processes mainly occurred in the upper layers 
of the soil (Figure 8.1b). B e y o n d 80 c m the factor score remained at an 
extremely low value, indicating that almost all pollutants that should have been 
r e m o v e d b y precipitation and adsorption had already done so. 
Figure 8.1c s h o w s an increasing trend of Factor III with depth. This 
indicates that as the depth increases, the leaching of NOyi^ derived from 
nitrification caused the soil more acidic. Granitic soils are generally lower 
than those of volcanic soils, indicating that the denitrification rate of granitic 
soil m a y be higher than that of volcanic soils. 
^ _ _ R e l a t i v e Performance of Five Soils a n d the Effect of Depth 
A Fisher L S D test was applied to the m e a n factor scores (Tables 8.8 a n d 
8.9) to test whether there was significant differences between one soil and 
another, and between one depth a n d another. 
Table 8.8 M e a n factor scores of each soil 
Soil V F V A GI G F G A 
Factor I -0.5756 -0.6599 0.2024 0.5457 0.1434 
Factor II -0.2039 -0.1676 0.4474 0.7153 -0.1750 
Factor III 0.5523 -0.1549 0.1086 0.1653 -0.1100 
Table 8.9 M e a n factor scores of each depth 
Depth(cm) 20 50 80 110 205 300 
Factor I 0.3225 0.4064 0.5276 0.4695 -0.6337 -0.7407 
Factor II 0.7889 0.3365 -0.3878 -0.4708 -0.1327 0 0067 
Factor III -0.4433 -0.1417 0.0207 0.0562 0.3909 0.0762 
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8.5.1 Relative purification efficiency of each soil 
A comparison of the results of different soils are presented in Table 
8.10-8.12. For Factor I, G F w a s significant different from GI� (t二2.2686 <�t。05) 
a n d G A w a s significant different from V F (t=3.4284 < to.05), but there w a s no 
significant different between GI a n d G A (t=0.2131 >� t。.(]5) a n d V F a n d V A 
(t=1.1912 > to.05) (Table 8.10). A ranking s e q u e n c e based on the relative 
degradation efficiency of the five soils can b e d e d u c e d from the a b o v e 
results : V A = V F > GI = G A > G F . 
Table 8.10 Fisher (LSD) comparison of m e a n score of Factor I 
(degradation) of different soils 
C o m p a r i n g pair Coef. Std.Err. t-value Sig.t 
G F vs GI 0.3023 0.1333 2.2686 0.024 
GI vs G A 0.0226 0.1063 0.2131 0 831 
G A v s V F 0.6476 0.1889 3.4284 0.001 
V F v s V A 0.2336 0.1961 1.1912 0.234 . 
Table 8.11, concerning the soil retention factor, s h o w s that there is n o 
significant difference b e t w e e n GI a n d G F (t=1.5566 > to.05), between V F a n d G A 
• • • 
t=0.4475 > to.05) a n d between V F a n d V A (t=0.5468 > to.05). O n the other h a n d , 
V A s h o w s an insignificant difference with G A (t=1.8983 > to.05), b u t it is 
significant different to GI (t=5.1807 < to.05). Based on the a b o v e results, a 
ranking s e q u e n c e of soil retention efficiency can b e d e d u c e d : V F = G A > 
V A > GI = G F . 
V F w a s significant different to G F� (t二2.8482 < to.os) (Table 8.12) but 
there w a s . no significant difference a m o n g s t V A , GI G F a n d G A . Based on 
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there results, a ranking sequence of nitrification efficiency can be deduced : 
V F > G F = GI = G A = V A . 
Table 8.11 Fisher (LSD) comparison of m e a n score of Factor II 
(soil retention) of different soils 
Comparing pair Coef. Std.Err. t-value Sig.t 
G F vs GI 0.1833 0.1178 1.5566 0.120 
GI vs V A 0.5842 0.1128 5.1807 0.000 
V A vs G A 0.1695 0.0893 1.8983 0.058 
G A vs V F 0.0747 0.1669 0.4475 0.655 
V A vs V F 0.0948 0.1733 0.5468 0.585 
Table 8.12 Fisher (LSD) comparison of m e a n score of Factor III 
(nitrification) of different soils 
Comparing pair Coef. Std.Err. t-value Sig.t 
V F vs G F 0.7448 0.2615 2.8482 0.005 
G F vs GI 0.1392 0.1643 0.8473 0.397 
GI vs G A 0.1488 0.1310 1.1354 0.257 
G A vs V A 0.1236 0.1246 0.9926 0.322 
G F vs G A 0.0096 0.1392 0.0687 0.945 
GI vs V A 0.0251 0.1573 0.1597 0.873 
G F vs V A 0.1141 0.1746 0.6534 0.514 
8.5.2 T h e effect of soil depth on purification 
A comparison of results of different depths for Factors I to III are 
presented in Table 8.13 - 8.15. Table 8.13, concerning the degradation factor, 
suggests that there was no significant difference a m o n g depths 20, 50, 80 and 
110 c m . Within is region, the factor score more or less remained at a high 
level, a n d that the water quality had not improved. This might be due to a 
counter balance between rapid initial d o w n w a r d m o v e m e n t of biodegradable 
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pollutants a n d the degradation process. H o w e v e r , b y 205 c m depth, the 
quality of leachate w a s significantly i m p r o v e d� (t二4.3113 < t(]_Q5), but no further 
i m p r o v e m e n t to 300 c m depth� (t二 1.0025 > tg.os). 
Table 8.13 Fisher (LSD) comparijson of the m e a n score of Factor I 
(degradation) on different depth 
Comparing pair Coef. Std.Err. t-value Sig.t 
20cm vs 50cm 0.2721 0.1767 1.5402 0.124 
50cm vs 80cm 0.2434 0.1579 1.5422 0.124 
80cm vs 110cm 0.2377 0.1892 1.2563 0.210 
110cm vs 205cm 0.8006 0.1857 4.3113 0.000 
205cm vs 300cm 0.1275 0.1272 1.0025 0.317 
20cm vs 80cm 0.0287 0.1576 0.1820 0.856 
50cm vs 110cm 0.0058 0.2054 0.0281 0.978 
20cm vs 110cm 0.2664 0.2052 1.2983 0.195 
50cm vs 300cm 0.9223 0.1545 5.9691 0.000 
Table 8.14 s h o w s that there were significant difference in the soil 
retention between 20 a n d 50 c m depth� (t二 1.9860 <tQ.Q5) a n d between 50 a n d 80 
c m depth (t=6.8683 < to.05). This indicates that almost all of the pollutants 
in this category h a d been r e m o v e d in the surface layers, below which these 
w a s no significant difference between the depths 110, 205 a n d 300 c m . 
Table 8.14 Fisher (LSD) comparison of the m e a n score of Factor II 
(soil retention) on different depth 
Comparing pair Coef. Std.Err. t-value Sig.t 
20cm vs 50cm 0.3101 0.1562 1.9860 0.048 
50cm vs 80cm 0.9582 0.1395 6.8683 0.000 
80cm vs 110cm 0.0748 0.1672 0.4476 0.655 
110cm vs 205cm 0.3023 0.1641 1.8421 0.066 
205cm vs 300cm 0.0883 0.1124 0.7857 0.433 
80cm vs 205cm 0.2275 0.1160 1.9615 0.051 
110cm vs 300cm 0.2140 0.1648 1.2989 0.195 
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Table 8.15 s h o w s that there was no significant difference in nitrification 
between 20 a n d 110 c m depth. This suggests a counter balance between 
nitrification and denitrification in the unsaturated zone. Within the saturated 
zone, the nitrification process was restricted because of a lack of oxygen. This 
supported denitrification and caused the significant differences in the mean 
score of Factor III between 110 a n d 205 c m depth (t=2.8533 < tQ.05) and 
between 205 and 300 c m depth (t=2.2505 < to,05). 
Table 8.15 Fisher (LSD) comparison of the m e a n score of Factor III 
(nitrification) on different depth 
Comparing pair Coef. Std.Err. t-value sig.t 
20cm vs 50cm 0.2268 0.2178 1.0412 0.298 
50cm vs 80cm 0.0797 0.1946 0.4093 0.683 
80cm vs 110cm 0.0895 0.2333 0.3838 0 701 
110cm vs 205cm 0.6533 0.2290 2.8533 0.005 
205cm vs 300cm 0.3529 0.1568 2.2505 0 025 
20cm vs 80cm 0.1472 0.1943 0.7574 0.449 
50cm vs 110cm 0.1692 0.2532 0.6682 0.820 
20cm vs 110cm 0.0576 0.2530 0.2278 0.820 
50cm vs 300cm 0.1311 0.1905 0.6883 0.492 
M _ _ E v a l u a t i n g the Effect of Slurry Concentration 
A s mentioned in section 2.2., the G A 2 column was dosed with diluted 
slurry between days 1 to 85. Since columns G A 2 a n d GA4 were otherwise 
manipulated in the same m a n n e r , b y comparing the data of these two columns, 
the effect of slurry concentration on leachate quality can be evaluated. Data 
of G A 2 a n d GA4 (day 1 to 85) were isolated as a n e w data set; there was 60 
observations used in this analysis. T h e infiltration rate was considered as 
covariance. 
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T h e results of the effect of slurry concentration are s u m m a r i z e d iri 
Table 8.16. While partializing the effect of infiltration, the net effect on 
slurry concentration w a s significant for degradation, F(l,57)二37.00, ^<0.05 a n d 
nitrification F(l,57)=13.52, ^,<0.0005. Since the rate of degradation a n d 
nitrification was more or less a constant, a larger m a s s of pollutants entered 
the system results less degree of purification. O n the other h a n d , the effect 
of slurry concentration w a s insignificant for soil retention F(l,57)=0.32, p>0.05. 
This w a s because Factor II is mainly a function of p h o s p h o r u s a n d its 
derivatives which are easily r e m o v e d b y a n u m b e r of adsorption a n d 
precipitation processes. This result is consistent with prior sections. 
Table 8.16 M A N O V A test of the effect of slurry concentration on 
three quality factors 
I n d e p e n d e n t variable : Concentrated slurry, diluted slurry 
D e p e n d e n t variable : Factor I (degradation) 
Factor II (soil retention) 
Factor III (nitrification) 
S u m S q . df M e a n S q . F 2 > F 
F A C T O R I Total 65.4670 59 
Error 39.1765 57 0.6873 
Slurry conc. 25.4287 1 25.4287 37.00 0.0001 
F A C T O R II Total 12.6546 59 
Error 12.5452 57 0.2201 
Slurry conc. 0.0699 1 0.0699 0.32 0.5753 
f a c t o r III Total 51.8665 59 
Error 41.2882 57 0.7244 
Slurry conc. 9.7938 1 9.7938 13.52 0.0005 
T h e results of an overall effect were also consistent with these tests 
for mdividual factor. T h e Wilks, L a m b d a test (Table 8.17) s h o w s that the 
effect of slurry concentration w a s significant on the overall leachate quality 
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at the 0.05 level, and its effects were mainly confined to degradation and 
nitrification. 
Table 8.17 M A N O V A test of the over effect of slurry concentration 
Statistics : Wilk's L a m b d a test 
Hypothesis : There was an overall effect of slurry concentration on 
the soil leachate quality-
Value F Num.Df Den.Df 
Slurry conc. 0.4282 24.4773 3 55 0.0001 
M _ _ E v a l u a t i n g the Effect of M a n a g e m e n t Practices 
Routine maintenance is of vital important to the operation of a disposal 
system. W h e n the hydraulic capacity of the system is diminished, gravel 
washing a n d raking with scarifying of the top soil are the two most commonly 
used practices. 
8.7.1 Gravel washing 
Gravel washing was done in the interstitial period between R u n 4 and 
R u n 5 (day 43). In evaluating the effect of gravel washing on the leachate 
quality, data of R u n s 4 and 5 were compared b y M A N O V A . Infiltration rate 
was the covariance of the model. There were 69 observations used in this 
analysis. 
T h e effects of gravel washing on leachate quality are summarized in 
Table 8.18, While partializing the effect of infiltration rate, the effect of 
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gravel washing w a s insignificant for degradation,� F(l,66)二0.63, p>0.05; soil 
retention, F(l,66)=0.28, p_>0.05; a n d nitrification F(l,66)=0.67, p_>0.05. Also, 
according to the Wilks' L a m b d a test (Table 8.19), there w a s no overall effect 
of gravel washing on leaching quality at the 0.05 level. 
Table 8.18 M A N O V A test of the effect of gravel washing on 
three quality factors 
I n d e p e n d e n t variable : With washing, without washing 
D e p e n d e n t variable : Factor I (degradation) 
Factor II (soil retention) 
Factor III (nitrification) 
S u m S q . df M e a n S q . F p_>F 
F A C T O R I Total 88.4853 68 
Error 56.6799 66 0.8588 
GI. washing 0.5417 1 0.5417 0.63 0.4299 
F A C T O R II Total 38.6115 68 
Error 34.9369 66 0.5293 
Gl. washing 0.1491 1 0.1491 0.28 0.5973 
F A C T O R III Total 52.8296 68 
Error 48.2085 66 0.7304 
Gl. washing 0.4920 1 0.4920 0.67 0.4147 
Table 8.19 M A N O V A test of the over effect of gravel washing 
Statistics : Wilk's L a m b d a test 
Hypothesis : There w a s an overall effect of gravel washing on 
the soil leachate quality 
Value F Num.Df Den.Df p.>F 
Gl. washing 0.9680 0.7039 3 64 0.5532 
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8.7.2 Raking 
Raking with scarifying the top 1 c m of soil w a s d o n e in the interstitial 
period b e t w e e n R u n 7 a n d R u n 8 (day 85). W h e n testing whether there was 
a significant difference b e t w e e n these t w o r u n s , the infiltration rate w a s 
considered as covariance a n d there were a total 81 observations used. 
Table 8.20 provides a s u m m a r y of these results. While the effect of 
infiltration rate w a s partialized out, the net effect of ranking w a s insignificant 
for degradation F(l,78)二0.40, p>0.05, soil retention, F(l,78)=0.84, p.>0.05 a n d 
nitrification F(l,78) = 1.50, £,>0.05. Also, according to the Wilks' L a m b d a test 
(Table 8.21), there w a s n o overall effect of raking on the leachate quality at 
the 0.05 level. 
Table 8.20 M A N O V A test of the effect of raking on 
three quality factors 
I n d e p e n d e n t variable : With raking, without raking 
D e p e n d e n t variable : Factor I (degradation) 
Factor II (soil retention) 
Factor III (nitrification) 
S u m S q . df M e a n Sq. F 2_>F 
F A C T O R I Total 85.4092 80 
Error 68.5067 78 0.8783 
Raking 0.3483 1 0.3483 0.40 0.5307 
F A C T O R II Total 117.8031 80 
Error 112.7852 78 1.4460 
Raking 1.2089 1 1.2089 0.84 0.3633 
F A C T O R III Total 61.5139 80 
Error 58.1262 78 0.7452 
Raking 1.1198 1 1.1198 1.50 0.2240 
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Table 8.21 M A N O V A test of the over effect of raking 
Statistics : Wilk's L a m b d a test 
Hypothesis : There was an overall effect of raking on 
the soil leachate quality 
Value F Num.Df Den.Df p_>F 
Raking 0.9547 1.2011 3 76 0.3152 
8.8 S u m m a r y 
Factor analysis was first used to analyze the data of soil leachate, 
indicating that there were mainly three mechanisms involved in the 
purification, represented b y three factors. These are degradation, soil 
retention a n d nitrification. A m o n g them, degradation is recognized as the 
major mechanism. 
T h e M A N O V A analysis s h o w e d that soil type, soil depth and their 
interaction significantly affects the leachate quality, highlighting the 
importance of selecting a suitable site for slurry disposal. T h e net effect of 
.. infiltration rate was mainly confined to the nitrification. 
In general, the purification efficiency of volcanic soils is better than 
the granitic soils. T h e performance of footslope soils was less than alluvial 
a n d in-situ soils. Alluvial soil performed similar to the in-situ soil. 
T h e effects of depth on purification were varied and were dependent 
upon the purification pathways. For the degradable pollutants, there was an 
initial rapid d o w n w a r d m o v e m e n t through the unsaturated zone and then 
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gradual degradation with depth. Almost all of the p h o s p h o r u s was removed 
in the surface layers, implying that the risk of phosphorus pollution 
extremely low. T h e nitrification process was mainly occurring m the 
unsaturated zone because it is oxygen dependent. 
T h e slurry concentration had a significant effect on the leachate quality. 
O n the other h a n d , gravel washing a n d raking enabled the column to recover 
its hydraulic capacities (see chapter 5) but had no effect on purification 
efficiencies. 
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C H A P ^ R I X C H A N G E S O F S O I L C H E M I C A L P R O P E R T I E S 
In the last three chapters, contaminant attenuation in the soil system 
has been discussed. In s u m m a r y , the liquid slurry has been purified a n d 
recovered as it passed t h r o u g h the soil profile. H o w e v e r , Hileman (1970) 
points out that there are c o m m o n adverse effects of large accumulations of 
m a n u r e on cropland, including : 
1) High total dissolved salts in the soil, 
2) Nutrient imbalance, 
3) Excessive nitrate accumulation in the plant a n d nitrate leaching into g r o u n d 
water, a n d 
4) Accumulation of exchangeable bases (e.g. K, Na) in the surface to displace 
the other c a t b n s from exchange sites a n d thereby limit their absorption b y 
plants. 
In this chapter, the impacts of slurry on the soil will be discussed. 
T h e main concern is with the chemical aspects of soil. Five parameters; soil 
reaction p H , soil electrical conductivity (SEC), soil total organic carbon (TOC), 
soil total nitrogen (TN) a n d soil total p h o s p h o r u s (TP) were analysis. T h u s , 
the relationship between the soil a n d pollutant attenuation can n o w be 
discussed. 
9.1 Soil Reaction PH 
It was obvious that slurry application increased soil reaction p H and 
that the degree of increase probably decreased with depth (Figure 9.1). 
153 
a) GI column b) GF column 
^f lop 
二 ：^ ^ " " " " " " " " ^ ^： : :：：：：：：：^ ^ ^ ^ ^ . J -‘~~ ^ 一 ' 
2 • 2 • 
~‘~‘~^~‘‘~‘‘~~‘~‘~~‘~I~I~‘_‘—— o'——‘~~>~~I_I_1_I__I 
0 20 40 BO BO 100 120 140 100 180 200 220 240 200 ZaO 300 0 30 40 00 80 100 120 140 100 180 200 230 2«0 280 300 
Depth ( c m ) Depth ( o m ) 
一 Sou (uaU-eated) SoU Soil l eachaU — Soil ( u a i r . a U d ) Soil (U-MUd) SoU kiaotuLU 
c) GA3 column d) GA4 column 
^f .op 
4 4 - 一 
2 • 2 
~‘~‘‘‘~‘~‘~‘~~‘‘~~‘‘~~‘~‘~~‘~ ol~‘ I •_1__I_I_I__ 
0 20 iO flO 80 100 120 140 180 180 200 220 240 2C0 280 300 0 30 40 00 80 100 120 1 40 180 180 200 220 240 200 MO 300 
Depth ( c m ) Depth ( c m ) 
—Sou (uutreaUd) SoU (U-.aUd) 一 SoU 一 Soil (untr^ Ud) SoU (treaUd) Soil UaohaU 
e) VAl column 
"r Figure 9.1 
" " ^ - T T i r ^ — ^ 
' ' ~ ~ • � � 一 I ‘ ‘—— Effect of slurry application 
4 -
a. on profile soil reaction pH 
0 ‘ » 1 1 1 1 1 I t ' t I I i 1 
0 20 40 flO BO 100 120 140 iOO ISO 200 220 240 200 200 300 
Depth ( c m ) 
Soil (untrsAUd) Soil (trfl&Ud) Soil leaohaU 
154 
T h e granitic soils (GI, G F and G A ) s h o w e d a similar pattern with 
relatively high soil reaction pH (7.5 - 8.0) at the unsaturated zone, but with 
decreasing soil reaction pH entering the saturated zone. Soil reaction pH of 
G A , GI and G F d r o p p e d abruptly in the top saturated zone. T h e increase of 
soil reaction pH was d u e to the input of NH3 in the slurry. A s it entered the 
soil, NH3 was degraded or nitrified into NO3 b y soil microbes, thereby 
releasing h y d r o g e n ions. W h e n nitrate ions were leached, there was a decline 
in soil reaction p H levels. For the V A - 1 soil, the soil reaction pH of the first 
20 c m depth was elevated but quickly recovered to the b a c k g r o u n d level 
b e y o n d this depth. This indicated that the V A soil had a larger pH buffering 
capacity than the granitic soils and was able to maintain a relative stable soil 
reaction pH. T h e high pH of soil leachate in V A m a y be an artifact of the 
solution of extractable alkaline ions from the soil (thus enhancing soil reaction 
pH). 
In general, the trends of soil leachate a n d soil reaction p H with depth 
were very consistent. This indicates that a very close relationship exists 
between the two. Soil reaction p H is determined b y the slurry p H , 
purification processes in the soil a n d the buffering capacity of the soil. 
T h e soil reaction pH was elevated d u e to slurry application, yet the 
rises are acceptable. T h e m a x i m u m soil reaction p H was about 8, which would 
not cause harmful impacts on plant growth. In H o n g K o n g , soil reaction p H 
is normally acidic, thus lime application i s c o m m o n in order to maintain soil 
neutrality. T h e above results suggest that slurry application m a y be a 
cheaper substitute. 
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9.2 Soil Electrical Conductivity (SEC) 
T h e b a c k g r o u n d conductivity of the five soils was very low, less than 
50 uS. After the application of slurry, excess cations a n d anions caused an 
increase of electrical conductivity of these soil (Figure 9.2). GI and G F 
s h o w e d a fluctuating pattern with peaks at 20, 40 a n d about 150 c m soil 
depth. But, in general, the S E C level decreased with depth. T h e changing 
patterns were so consistent that a d o w n w a r d advection transport of ions might 
occur. G A and V A also s h o w e d a peak S E C level at 30 c m depth, further 
supporting the statement of advection transport. 
T h e alluvial soils s h o w e d a similar patten of soil electrical conductivity 
change with each other. T h e highest SEC's occurred at the surface of the 
soil, being 170 u S for V A l , 391 u S for G A S a n d 600 u S for G A 4 , but all alluvial 
columns quickly recovered S E C levels to b a c k g r o u n d levels. V A l only 
required 50 c m to complete this job, indicating that it had a high ionic 
adsorption capacity. 
In conclusion, S E C values m a y not cause significant detriment effects on 
the growth of crops. C h a n e y (1973) found that low tolerance crops can 
tolerate S E C values of 2000 to 4000 uS; m e d i u m salt tolerance crops can 
tolerate S E C values of 4000 to 10000, and high salt tolerance crops can 
tolerated S E C values of 10000 to 18000. In this study, the S E C levels ranged 
from 30 to 825 u S , which can be tolerated b y most plants. H o w e v e r , a 
significantly high level of specific conductivity of the soil leachate indicated 
that the applicatiDn of slurry has a detriment effect on plant growth during 
the application period. While the land is resting this impact is limited. 
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9.3 Soil Total Organic Carbon (TOC) 
Figure 9.3 presents data on the T O C level of five soils. GI and G F soils 
s h o w e d a similar pattern of T O C change. T h e peak T O C value was not found 
at the surface but at 20 a n d 60 c m depth of GI a n d G F respectively. This 
pattern m a y reflect the advection m o v e m e n t of organic carbon of the slurry. 
Both G A S a n d G A 4 had a highest T O C level at the surface a n d these amounts 
decreased with depth. G A 3 required 1 m depth to recover to its b a c k g r o u n d 
level, but 10 c m was sufficient for GA4. S u c h difference might be d u e to the 
different slurry input amount. T h e accommodation loading of G A 3 was double 
that of GA4's, thus its impact on G A 3 was larger. T h e V A l column continuously 
retained a soil T O C level equivalent to its b a c k g r o u n d level, indicating that 
application of slurry did not affect its soil T O C content. 
In general, the effect of slurry application on the T O C content of soils 
was insignificant. Not only did the five soils quickly recover with depth to 
their b a c k g r o u n d levels, but also the peak value of the soil T O C remained less 
than 2000 p p m (2%). 
9.4 Soil Total Nitrogen (TN) 
Total nitrogen in the soil surface layer was markedly increased as a 
result of slurry addition (Figure 9.4). For the untreated soil, the TN content 
was in the range of 100 to 400 p p m . But, there occurred a more than 10 
times net increase of TN as slurry was applied. T h e two G A soils s h o w e d a 
consistent pattern with peak T N contents at the surface of about 800 p p m , 
then gradually decreased with depth, although the level was still 50-100 % 
higher than b a c k g r o u n d level at 3 m . 
158 
一 - - _ . _ 
a) GI column b) GF column 
20 舰（蘭—� U^h^U TOC (lOOO»mA)。 Soll TOC (lOOOppm) TOC (lOOOo^ L) 
—<2 12t • _ ‘ ‘ • ‘ __• - • • - • ~~.~~— 3 
olI~‘~~‘~~‘~I~~^‘~‘~~‘~‘~‘~I~I i^o ol~‘~“1__I__I__.__I__I__ L 
0 20 40 flO 80 100 120 140 100 180 200 220 240 200 280 300 0 20 40 00 SO 100 120 140 100 IBO 200 220 240 200 260 300 
Depth ( c m ) Depth ( c m ) 
一 9on ( 肌 + Bon (U«»Ud) —- Bofl ——Sou {«»U..Ud)Bon ~ 
c) GA3 column d) GA4 column 
Soli TOC (lOOOppnQ UachaU, TOC (mc/L) …Soil TOC (lOOOpp— U^haU TOC (u^L) 
\ 腳 I — 1200 
0'~‘‘““‘~‘~‘~‘~~‘‘~‘~‘‘~‘~‘‘~'o ol~‘I——L_.__1__1__.__ L 
0 20 40 00 80 100 120 140 180 180 200 220 240 280 280 300 0 2 0 40 60 80 100 120 140 100 180 200 220 240 200 280 300 
Depth ( c m ) Depth ( o m ) 
—Boa •山a) + aoii Bon | | — aoii -m� —她�u^ o^ u�
d) VAl column 
• Soil TOC (lOOOppm) U a c h a U TOC ( m c / L ) 
�� Figure 9,3 
‘ - \ _ 400 
\ Effect of slurry application 
” ； on soil TOC content 
01 » > > “ » 1 1 1 1 1 I « « * 10 
0 2 0 40 00 BO 100 120 140 100 IBO 200 320 240 2 0 0 3B0 300 
Depth ( c m ) 
Boa (oatTMUd) Sofl (U«AUd) SoO loaohftU 
159 
a) GI column b) GF column 
S o u TN ( p p m ) I x a c h a U TN ( n > , / L ) ^ ^ ! 卯 SoU TN ( p p — U a o h a U • 
贈 - \ - 讓 騰 . - 雌 
~ ‘ ‘ ~ ‘ ~ ~ ‘ ~ ‘ ‘ 丨 • ‘ ‘ • ^ ^ 
0 20 40 BO 80 100 J20 140 IflO 180 200 220 240 200 280 300 0 aO 40 00 80 1 00 120 140 100 1BO 200 220 240 2 « 0 280 300 
Depth ( c m ) Deptli ( c m ) 
一 Son ( 迎 u • 毳 + Sou (tr>>ud) • sea i » o h » u I 一 M l + gon ( u » u d ) 秘 u ^ ^ ^ u 
c) GA3 column d) GA4 column 
S o i l T N ( p p » n > ^ ^ SoU TN ( p p m ) W L ) ^ 
‘~‘~‘~‘‘‘~‘~‘~‘~‘‘~‘~‘~‘~~I。� nl� ,�,�,� 7,.�
0 20 40 00 80 100 U 0 180 180 200 220 240 200 280 300 0 20 40 flO 80 100 120 140 100 180 200 220 240 2 « 0 280 300 
Depth ( c m ) Depth ( c m ) 
e) VAl column 
BOO . S * * "作 TN ( *ng /L ) 
j l Figure 9.4 
3 如 - ： 咖 Effect of slurry application 
咖 - \ -200 
100- \ on soil TN content 
0 ‘ ‘ \ ‘ ~ • I 1 I • . , , , , 0 
0 20 40 80 00 100 120 140 IflO 180 3 0 0 320 240 2flO 280 300 
Depth ( o m ) 
一 Bofl («aU«»Ud) - » - Bofl ( U » U 4 ) BoO 
160 
T h e V A soil also had a peak value of 459 p p m at its surface and a 
declining TN content with depth. H o w e v e r , at a depth of 40 c m the TN 
content retained its b a c k g r o u n d level. 
For GI and G F soils, the peak value of the GI soil was 1769 p p m at 25 
c m depth a n d the peak value of the G F soil was 1237 p p m at 55 c m depth. 
There was some d o w n w a r d m o v e m e n t of nitrogen through the soil, with larger 
amounts of nitrogen accumulating m the top 120 c m a n d 160 c m respectively. 
Relative low TN values were found at the surface, a n d m a y be d u e to ammonia 
volatilization a n d denitrification, through the surface T N values were 
nevertheless high, being 842 p p m a n d 701 p p m respectively. T h e GI soil 
concentrations equalized to its b a c k g r o u n d level at a depth of 180 c m , but 
the soil TN level at the terminal of G F column was still 70 % higher than its 
original level. 
In general, the effect of slurry application on the soil TN could be 
s h o w n to have a decreasing effect in the following order : G F , GAS, GA4, GI 
and V A . It is suggested that the accumulation of T N would have no 
significant impact on plant growth. H o w e v e r , one needs to be reminded that 
the mobility of nitrate m a y cause the eutrophication of groundwater a n d 
stream discharge, a n d induce multiple environmental changes. A study b y 
Martin and Harris (1982) on the groundwater quality in the vicinity of Perth 
found that nitrate concentrations were highly increased b y the seepage of 
septic tank effluent. Gibbs (1979) also found that nitrogen from septic tanks 
in T a u p o township. N e w Zealand, was entering Lake T a u p e through 
groundwater and contributing to the eutrophic conditions. 
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9.5 Soil Total Phosphorus (TP) 
In most situations phosphorus added to soil rapidly reacts to form a 
series of insoluble or slowly soluble compounds that move little in soil. 
Indeed, Figure 9.5 shows that the mcrease of soil TP in all columns is 
restricted to the upper unsaturated zone. 
For GA3 and GA4, the maXlmum TP value was to be found in the top 
layer, gradually decreasing with depth, and with no significant change beyond 
60 cm depth. A quite consistent pattern amongst the columns is shown. 
The VAl column showed a mild response to slurry application. Except 
for the top 10 cm of soil, the soil TP content was even lower than its orginal 
background level. This might be due to the carbon supply of the slurry 
which enhanced the microbial removal of phosphorus. 
For GI and GF the maXlmum values were not at the soil surface but at 
20 and 70 cm depth respectively. The maximum values were 1300 pp m and 
1241 pp m respectively. Such a pattern indicates that there is a down ward 
movement of phosphorus in these column, though after reaching 100 cm depth 
soil TP has recovered to its original background value. 
9.6 Summary 
In general, different soil had different response to slurry application 
with only GI and GF exhibiting similar patterns. On the other hand, the same 
soil, e.g. GA3 and GA4, showed similar results. 
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For the alluvial soils, both G A a n d V A , peak values could be found iri 
the soil surface a n d decreased with depth. T h e V A soil was more or less 
inert to the slurry application. Except for the surface layers of VAl, the soil 
s h o w e d a negative or mild reaction to treatment. T h e responses of G A soils 
to different parameters varied. While it successfully accommodated carbon, 
p h o s p h o r u s a n d soluble salts, it s h o w e d a positive increase to soil total 
nitrogen a n d soil reaction p H , even at the base of the column. 
Granitic soils generally s h o w e d a more significant response than volcanic 
soils. H o w e v e r , differing granitic soils varied in behavior. A m o n g them GI 
and G F was quite similar, w h e r e b y the peak values were not at the surface 
but in the soil beneath. This indicates that there is the d o w n w a r d advection 
m o v e m e n t of soil chemicals. 
^ ^ -
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CHAPTER X CONCLUS ION 
This chapter attempts to bring together the findings of previous 
chapters on different aspects of land based slurry disposal. T h e significance 
of these findings in the context of local poUution control are discussed, a n d 
their implications in a wider context considered. 
_ G e n e r a l Review of the Performance of the Columns 
T h e evaluation of a land disposal system for slurry is dependent u p o n 
two main criteria : 
1) Hydraulic capacity; and 
2) Purification ability of the soil. 
Both of them are equally important. 
In all columns infiltration rates appeared to decline exponentially over 
time. There was an initial rapid decline in infiltration, followed b y a 
continuing, t h o u g h lessening, decline iji infiltration. T h e negative exponential 
relationship indicates that the clogging layer at the surface was the main 
cause of infiltration decline. A s a result, the effect of gravel washing, 
without disturbing the mat layer, had a negligible effect on the hydraulic 
characteristics. Raking with scarifying the top 1 c m soil was clearly a more 
effective procedure for improving the infiltration rates in the columns. W h e n 
the organic mat layer disturbed, the absolute infiltration rates improved for 
all soils and especially for GI a n d G F . Although extensive clogging will reduce 
infiltration rates to quite low levels a n d perhaps m a k e the operation of 
soakaway uneconomical, a certain degree of clogging enhances purification. 
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Different soils h a d different purification efficiencies of the slurry; 
volcanic soils were m o r e effective than granitic soils in purifying the 
pollutants a n d alluvial soils h a d a larger capacity than in-situ a n d footslope 
soils. T h e differences in purification ability a m o n g the soils is strongly 
related to the infiltration rates. T h e infiltration rate not only determine the 
accommodation loading of the system, but also affected the p a t h w a y of 
pollutant m o v e m e n t . Nevertheless, all soils examined in thi^ study were 
capable of purifying wastewater. A soil profile, with a i m unsaturated zone 
a n d 2 m saturated zone can r e m o v e m o r e than 85 % of pollutants. 
10.2__Purification P a t h w a y s a n d Contaminant Attenuation 
W h e n pollutants pass t h r o u g h soil, they are purified b y a series of 
physical a n d biochemical reactions. In this study, it is suggested that the 
were three main p a t h w a y s in the purification process : 
1) Degradation - it w a s contributed to the biodegradation of carbon, 
denitrification a n d the die-off of E^ coli. 
2) Soil retention - contributed to the precipitation of p h o s p h o r u s a n d the 
removal of carbon. 
3) Nitrification - contributed to the nitrification of a m m o n i a a n d the p H 
c h a n g e . 
Using specific conductivity, BOD5, T N a n d T P as indicators of various 
stages in the hydrochemical evolution of soil leachate, the overall purification 
process can be divided into five stages, represented b y five clusters derived 
from cluster analysis. A s purification w a s in progress s o m e b y - p r o d u c t s were 
formed, e.g. TIC, NH4-N a n d NO3-N, which might cause an occasional increase 
in these levels. 
166 
1_0.3 Factors Affecting the Purification 
T h e purification efficiency of the soils was ultimately affected by 
several factors: 
1) Soil type; 
2) Soil depth; 
3) Infiltration rate; a n d 
4) Slurry concentration. 
Different soils instinctly had differing effects on the pollutants. T h e 
efficiency of volcanic soils was better than the granitic soils, a n d alluvial 
a n d in-situ soils was better than the footslope soils. 
T h e effects of depth on purification varied according to the differing 
purification pathways. T h e degradable pollutants initially m o v e d rapidly 
d o w n w a r d through the unsaturated zone to gradually degraded with depth. 
Phosphorus was only found in the surface layers. T h e nitrification process 
was restricted in the unsaturated zone where o x y g e n was available. 
T h e net effect of infiltration rate on the leachate was mainly contributed 
to the nitrification process. 
Slurry concentration had a significant effect on leachate quality. It was 
because the purification rate was more or less constant in a soil. A larger 
mass of pollutants entering resulted in a less degree of purification. O n the 
other h a n d , gravel washing a n d raking had no significant effect on the 
purification, t h o u g h it could assist in the recovery of the hydraulic capacity 
of the system. 
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lQii-4___IjnP.ac:ts_^jL_S3jjro Application on the Soil ChemicM_, 
In general, the impacts of slurry application on soil chemical properties 
‘ was not significant. All soils examined were capable of recovering to 
background levels. T h e concentration of chemicals accumulating in the surface 
layers are also not likely to inhibit plant growth. 
In general. Granitic soils generally s h o w e d a more significant response 
than volcanic soils. T h e upper horizons of granitic soils usually accumulated 
a higher levels of pollutant while the volcanic conserved in a low levels. 
Differing granitic soils varied in behavior. Also the response of soils to 
different parameters were varied. Whilst carbon, phosphorus and soluble 
salts were easy to accommodate, there were positive increases in soil total 
nitrogen and soil reaction pH. 
10.5__Practicability of Soakaway and Recommendations 
Although all soils studied show a large capacity to remove contaminants, 
the leachate of some soils still exceed permitted effluent discharge levels of 
the H o n g K o n g Government Environmental Protection Department. The BOD5 of 
leachate from the base of G F and GA3-4 were usually about 500 m g / L which 
is greater than the permitted level of 50 m g / L B O D . ^ c ^ was found in the 
upper saturated zones of GI, GF, G A S and GA4, indicating that 1 m unsaturated 
zone was inadequate to purify faecal pathogens. O n the other hand, 1 m 
unsaturated zones of V A and less permeable G A were capable of reducing 
faecal pollutants to the acceptable levels. 
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In the N e w Territories of H o n g K o n g , water table is usually within 1 -
1.5 m of the surface. With this in mind a n d based on the column results, the 
incorrect selection of a disposal site m a y cause groundwater pollution and 
‘ eutrophication. V A a n d less permeable G A soils were efficient purifiers and 
suitable as soakaway sites. V F , GI, G F a n d highly permeable G A environments 
are only suitable w h e n the groundwater tables are not as shallow. Since the 
purification properties of these soils are not as good as the formerly 
mentioned soils, acceptable purification can be achieved using a larger volume 
of participating soil. Last but not the least, it should be noted that the 
above recommendations are but general guidelines a n d that further in-situ site 
investigations are necessary in the selection of suitable sites. 
鲁 
In designing a land disposal system, the determination of dosing rate 
is crucially important. 
It is suggested that the dosage rate of five soils examined in this study 
must not exceed 0.5 c m / d . L o w loading rate should be applied in order to 
promote flow through the soil matrix. S u c h low loading rates are particularly 
important in the shallow groundwater areas where the horizontal m o v e m e n t s 
of effluent is relatively unimportant. 
10.6 Suggestion a n d Discussion 
10.6.1. Experimental design 
In this study, it has been s h o w e d that soil columns can provided us 
with valuable information regarding the contaminant attenuation. However, the 
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results of the experiment m a y not necessarily correspond to field conditions 
because of : 
1) Only 2 dimension flow of pollutants is demonstrated by the columns; 
‘ 2) T h e structures of soil are destroyed a n d c h a n g e d during the column 
packing. 
For these reasons, if f u n d s are available, larger undisturbed soil cores 
are more desirable. S u c h cores are obtained with a soil coring machine. T h e 
cores should have a diameter of approximately 1.5 m , which would allow 
accurate measurement of soil solution and solute m o v e m e n t (more 
representative of a field situation) with depth (TindaU et.al. 1986). T h e length 
of the core should be at least 1.0 m so as to minimize error d u e to disrupted 
channels a n d ped fracture that m a y cause abnormal water percolation. These 
column design, to some extent, also provide an environment for three 
dimensional flow of the pollutants. 
t 
10.6.2 Operational improvement 
In this study, the chemical composition of the slurry fluctuated with 
time a n d an unstable leachate composition undoubtedly hinders further 
statistical a n d mathematically analysis. For this reason, a artificial "slurry" 
with constant chemical composition m a y be more desirable. 
Moreover, in order to establish a mathematical model of pollutant 
attenuation, more sampling points of leachate should also be provided. 
Amoozegar et.al. (1984) has used a battery of soil columns with 40 sampling 
points to generate an attenuation model of polluting metals in soils. 
170 
10.6.3 Statistical considerations 
The purification of slurry is not a simple measurable entity. It is a 
composite entity including bacteriological, chemical and biochemical 
measurements, that may interact with each other over time and with depth. 
This should be considered when the characterizing leachate quality. Cluster 
analysis and discriminant analysis appear to satisfy is needed and changes of 
leachate chemical quality can be analysed with respect to both temporal and 
spatial factors. 
Factor analysis and MANOVA appear to be helpful to be useful for 
analysing the interrelationship amongst chemical parameters and the 
relationship between purification and environmental and factors. Although 
these relationship are not explanatory (rather it is shown whether the 
relationship is statistically significant), such analyses highlight key factors for 
further investigation. · Further studies should establish mathematical models 
of pollutant attenuation in different soil types, with clear predictions of 
concentration change with depth. Obviously, as more data are accumulated 
and experience gained, establishment of such models can be expected. 
Last but not the least, it should be noted that few prior studies of 
contaminant attenuation have attempted to use higher level statistical methods 
for analysing data. This study highlights the possibilities of statistical 
applications m unravelling attenuation processes as 
development of more sophisticated mathematical models. 
subject of future investigation. 
171 
a preclude to the 
This must be the 
Bi±)lioqraphv 
Agricultural a n d Fisheries Department ( 1 9 8 8 ) 旦 聊 m� Ho n g K o n q 
unpublished. — 
Allison, L.E. (1947) "Effect of microorganisms on permeability of soil u n d e r 
prolonged s u b m e r g e n c e " . Soil Sci. 63:439-450. 
American Public Health Association (APHA), American Water W o r k Association & 
Water Pollution Control Federation (1975) Standard method for the examination 
of water a n d wastewater. 13th ed., Washington. — ~ 
A n o n (1982) "Agricultural wastes in H o n g K o n g a n d its treatment". Environ 
Control Bull. 2(l):7-8. 
Avnimelech, Y. & Z. N e v o (1964) "Biological clogging of sands". Soil Sci. 98:222-
226. 
B e g g s , C.J. (1984) "A review of investigation a n d sampling methods in recent 
sediments of H o n g K o n g " . In W.W.S. Yim (ed.) Geology of superficial deposits 
in H o n g K o n g , Geological Society of H o n g K o n g Bulletin No.l, 1984. 
B e r m m e r , J.M. (1965) "Total nitrogen". In A.L. Page et.al. (eds.) M e t h o d s of 
soil analysis. Part 2 - Chemical properties. 2nd e d " No.9 in the series of 
A g r o n o m y , American Society of A g r o n o m y . 
Binnie & Partners (1974) N e w Territories stream pollution study. H o n g K o n g : 
Govt. Printer. 
Blake, G.R. (1965) "Bulk density". In C.A. Black et.al. (eds.) M e t h o d s of soil 
analysis. Part 1 - Physical a n d mineralogical properties, including statistic of 
m e a s u r e m e n t a n d sampling,, No.9 in the series of A g r o n o m y , American Society 
of A g r o n o m y . 
Bosch, H.M., A.B. RosenfLeld, R. Horton, H.R. Ship m a n & F.L. W o o d w a r d (1950) 
"Methemoglobinemia In Minnesota well supplies". J. A m . Water W o r k s Asso 
42:161-170. ^ 
B o u m a , J. (1971) "Evaluation of the field percolation test a n d an alternative� 、�
procedure to test soil potential for disposal of septic tank effluent". Soil Sci. 
Soc. A m . Proc. 35:871-875. 
B o u m a , J. (1982) "Measuring the hydraulic conductivity of soil horizons with 
continuous macrospores". Soil Sci. Soc. A m . J. 46:438-441. 
B o u m a , J., L.W. Belmans & W.J.M. Jeurissen (1983) "Assessing the suitability of 
soils with macrospores for subsurface liquid waste disposal". J. Environ Oual 
12(3):305-311. “ 
B o u w e r , H., J.C. Lance & M.S. Riggs (1974a) "High rate land treatment. 1)‘ 
Infiltration a n d hydraulic aspects of the Flushing M e a d o w s Project". J Water 
Poll. Control Fed. 46:834-843. 
B o u w e r , H., J.C. Lance & M.S. Riggs (1974b) "High rate land treatment. 2) 
Water quality a n d economic aspects of the Flushing M e a d o w s Project". J . 
Water. Poll. Control Fed. 46:844-859. — 
i 
B o u w e r , H., R.C. Lance, J.C. Lance & R.C. Gilbert (1980) "Rapid-mfilfratir.n 
research at Flushing M e a d o w s Project, Arizona". J . Water P o l l . C o n t r o l F^d 
52(10):2457-2470. 
B o w m a n , R.A. & D.D. Focht (1974) "The influence of glucose and nitrate 
concentrations u p o n denitrification rates in s a n d y soils". SoJI__BioL_ Biochem, 
6«297 - 301. 
B o y d , J.W., T. Yoshida, L.E. Vereen, R.L. Cada & S.M. Morrison (1969) B^terjal 
response to Sanitary E n g . Papers, no.5, Colorad^State 
Univer. (unpublished). 
Brownlie, T.G. & L.B. Keith (1986) Report on survey of waste rnanagpmpnf 
systems in pig farms in Scotland. E d i n b u r g h : Department of Agricultural and 
Fisheries for Scotland. 
，ro^^n,�K.W.,�H.W.�Wolf, K.C. Donnelly & J.F. Slowey (1979) "The m o v e m e n t of 
fecal coliform and coliphage below septic lines". J. Environ. Oual. 8(1):121-125. 
Brownlie, T.G. & L.B. Keith (1986) Report on survey of waste m ^ n ^ g ^ m ^ n f 
systems m pig farms in Scotland, E d i n b u r g h : Department of Agriculture aKd 
Fisheries for Scotland. 
Burge, W.D. & N.K. Enkiri (1978) "Virus adsorption b y five soils". J. Environ. 
QubI. 7:73-76. ~ 
^urnett, A.D. (1984) "A proposed framework for the classification a n d 
description of superficial deposits". In W.W.S. Yim (ed.) Geology of superficial 
deposits m HoiTg_J^g_, Geological Society of H o n g K o n g Bulletin No.l, 1984. 
Carlson, R.R., K.D. Linstedt, E.R. Bennett & R.B. Hartman (1982) "Rapid 
infiltration treatment of primary a n d secondary effluent". J. Water Poll. Control 
Fed. 54:270-280. ‘ 
Chjnei^ R.L.”（1973) "Crop a n d food chain effects of toxic elements in sludges 
a n d effluent . In Proc. Joint Conf. Recycling Muncicipal Sludges arid effluent 
卯� land,� Nat.�Assoc. State Univer. a n d L a n d Grant 
Coll., Washington, D.C. 
？haney, R.L., S.B. Hornick & P.W. Simon (1976) "Heavy metal relationships 
during land utilization of s e w a g e sludge in the Northeast". In L a n d as a waste 
m a n a g e m e n t alternative. Proc. 1976 Cornell ?\qric. Waste Mgt. C o ^ . . Ithaca N 
A n n Arbor Sci. Publ., Inc., A n n Arbor, Mich. ‘ 
Conta, J.F., J.L. Richardson & L. Prunty (1982) "Percolation, soil texture, a n d 
saturated hydraulic conductivity in Lacustrine Soils in North Dakota" J 
Environ, Oual. 14(2):191-194. • ~ 
Crabtree, K.T. (1972) Nitrate a n d nitrite variation in a r o u n d� w ； . ^ ^ . Tech. Bull 
No.58. Wis. Dept of Natural Resources, Madison, WLS. ‘ . ’ 
Crane: S.R P.W. Westerman & M.R. Overcash (1980) "Die-off of fecal iadicator 
organi^ms following land application of poultry manure". J. Environ Oual 
9(3):531-537. 
ii 
Ciraun, G.F. (1984) "Health aspects of groundwater pollution". In G. Bitton h 
C.P. Get-ba (eds.) 一 马 斑 一 卫 迪 j i 旦 . Wiley-Intersciencp, N.Y. 
pp.135-180. ——— — 
D a w d y , D.R. & J.H. Feth (1967) "Application of factor analysis in study of 
chemistry of groundwater quality, Mojave River Valley, California" Water 
Resour. Res. 3(2):505-510. 
De Tar, W.E. (1979) "Infiltration of liquid daily m a n u r e into soil". Trans A S A E 
22:520-528. ‘ 
DeVries, J. (1972) "Soil filtration of wastewater effluent and the mechanism of 
pore clogging". J. Water Poll. Control Fed. 44:565-573. 
Direwey, W.A. & R. Eliasen (1968) "Virus m o v e m e n t in groundwater". J. Water 
Poll. Control. Fed, 40:257-271. 
E d w a r d s , A.M.C., A.T. McDonald & J.R. Fetch (1975) T h e use of electrode 
instrumentation for water analysis. British Geo morphological Research Group 
Tech. Bulletin 15. 
Ellis, J.R. & T. McCalla (1976) Fate of pathogens in soils receiving animal 
wastes. Paper no. 76-2560, winter mgt. A S A E , Chicago. 
Environmental Protection Advisory Committee ( E P C O M ) (1980) "A note on the 
H o n g K o n g pig raising industry and possible measures to reduce pollution in 
N e w Territories streams b y pig effluent". E P C O M discussion paper, July 1980. 
Environmental Protection A g e n c y (Hong K o n g ) (1983) Standardization of 
methods__for enumerating coliform bacteria in water : a review with 
recommendations for H o n g K o n g . (Unpublished). 
Environmental Protection Department (1987a) Introduction to livestock waste 
disposal (I) : dry m u c k out method. 
Environmental Protection Department (1987b) Introduction to livestock waste 
disposal (II) : pig farm of dry m u c k out method. 
Environmental Protection Department (1988) Microbiological water quality of 
bathing beaches. Environmental Microbiology Section, Water policy Group, EPD., 
H o n g K o n g : Govt. Printer. 
Environmental Protection Department (1989a) Environment, H o n g K o n g 1989. 
H o n g K o n g : Govt. Printer. 
Environmental Protection Department (1989b) Marine water cfuality in H o n g 
K o n q , 1989. Marine Group, Water Policy Group, EPD., H o n g Kong : Govt.� 、�
Printer. 
Environmental Protection Department (1989c) River water Quality in H o n g Kong,‘ 
1989. Monitoring Section, Water Policy Group, EPD., H o n g K o n g : Govt. Printer. 
Environmental Resources Limited (1977) Control of the environment in H o n g 
K o n g - final report. Environ. Res. Ltd., H o n g K o n g . 
iii 
F r a n k e n b e r g e r , W T , Jr.F.R. Troeh & L.C. Dumenil (1979) "Bacterial effects on 
hydraulic conductivity of soils". —S‘_S—c丄—驳<1、4么333-338 
Freeze, R.A. & J.A. Cherry (1979) G r o ^ d w a t ^ N e w Jersey : Prentice-Hall Inc. 
& A.w Warrick (1986) a n d utilization 
— 人� monitoring,�and clo.gnrP. C R C ~ P ^ ^ s s： 
？ar； ，'ent”. In C.A Black et.al. (eds.) 
^ A ^ i S ^ ^ f m n y 碰径迪 g . 化 ^he series S ^ ^ ^ ^ ^ ^ W T ^ m e ^ a ^ S ^ c i e f f 
f u l d , J.H. (1989) "Soil a n d site factors affecting the disposal of pig slurry" 
Geotechnical Control Office (1988) G i u d e . t ^ c k a n d soil descriptinn^^^g^^^^^^.. 
^ Geotechnical Control Office, C i v i l • i i i e e r i n g ^ ^ ^ ^ ^ I ^ ^ r ^ ^ ^ ^ g ^ n ^ ^ ^ ^ T i ^ ^ 
K o n g G o v e r n m e n t . ^ 
Gerba C P., C. Walli^ & J.L. Melnick (1973) "Fate of wastewater a n d viruses in 
soil • J. Irr. Drain,_^v_. A m . Soc. Civil E n g . 1R3:157-174. 
Gibbs M.M (1979) " G r o u n d w a t e r input to Lake T a u p o , N e w Zealand : nitroqen 
a n d p h o s p h o r u s inputs from T a u p o township". -N. Z. J. Sci. 22:235-243. 
Gidde〒‘J.,�A.M Rao & H.W. F o r d h a m (1973) Microbial c h a n g e s a n d po^^^^ihlP 
^ o u n d w a t e r pollution from poultry m a n u r e a n d beef cattle feedlots in Georgia 
〇WRR project no. A-031-GA. Dept. of Agron., Univer. of Georgia, Athens. 
pilbei^t, R.G., J.B. Robinson & J.N. Miller (1974) "Microbiology a n d nitrogen 
transformations of a soil recharge basin used for wastewater renovation". In 
on L a n d for W ^ s ^ M a n a g e . . 1-3 Oct. 1973, Ottawa, canada. 
Agric. Inst, of Canada, Ottawa. 
G r o s s e d , E. (1952) "Antibiotic production b y fungi on organic m a n u r e s a n d 
^ soil". J. Gen. Microbiol. 6:295-310. 
y ， t C. J. (1983) "Soil" In T.N. Chiu & C.L. So (eds) A G e o g r a p h y of H.K., 
Oxford Univer. Press. 
Grant, C.J. (1987) Beas__River s o a k a w a y study - field survey and 
recommendations. H o n g K o n g Govt., EPD., unpublished. 
Grant, C.J. (1988a) Permeability study - L a m T s u e n a n d Tolo Harbniir areas 
H o n g K o n g Govt., EPD., unpublished. ‘“ , 
Grant, C.J. (1988b) T o l g _ _ c a ^ m e n t s o a k a w a v s study - terrain evaluation 
^ ^ P o r ^ Engineering Terrain Evaluation limited. H o n g K o n g G ^ E P ^ 
unpublished. •‘ •‘ ’ 
Grant, C.J. (1989a) Soajja^y,,, _stud y 一 Beas river - fi^lH survey and 
recommendations. H o n g K o n g Govt., EPD., unpublished! 
产ant, C.J. ( 1 9 8 9 b ) - 改 —� -� La m T s u e n a n d Tolo Harbour 
i-Lam T s u e n area). H o n g K o n g Govt., EPD., unpublished. ‘ 
iv 
I I (1988 'Septic tank systems -state of the ai:t,1988". In P 
B h a m i d m i a r r i ( e d ) M t 益 卫 a 旦 y j ^ i a 共 e — t r — 明 t j n n _ e 』 t _ _ § i s t — e m s . P r o c e e d i n g s o f f h ^ ^ 
mternational conference held at Massey University7~Palmerston� Nor t h；�Nr^w�
Zealand, M a y 26-27, 1988. Elsevier Appl. Sci. Publ. Ltd. — 
二ach, C.C., R L. Kleiji, Jr., C.R. Gibbs (1979) Ir^rMuction_t^Biochemical O x y q e n 
Technical Information Series - Booklet No.7, Hacl7 C h e m i c ^ r ^ o m p a n y： 
^ a r ^ e , J.E (1975) 圣 匪 乡 迎 M o o r e 
Gardener a n d Assoc., Inc., Greensboro, N.C. , 
H a r m a n H.H. (1970) M o d ^ factor analysis. Univer. of Chicago Press, Chicago 
ILL. pp.219-231. ’ 
Healy, K.A. & R. Laak (1974) "Site evaluation a n d design of seepage fields" J 
Environ, ^ g n . Div. Piroc. A m . Soc. Civ. E n g r s . 100(EE5):1133-1146. — 
piJeman, L.H. (1970) "Pollution factors associated with excessive poultry litter 
(manure) application in Arkansas". In Relationship of agriculture to soil and 
water poUution. Cornell Univer. conf. on Agric Waste Manage., Ithaca N Y 
pp.41-47. ‘ ” 
Hills, D.J. (1976) "Infiltrative characteristics from anaerobic lagoons". J Water 
Poll. Control Fed. 48:695-709. 
Hodgki^s, I.J. (1979) " T h e poUution of H o n g Kong's coastal water a n d 
seashore . In B.S. Morton (ed.) T h e future of the H o n g K o n g seashore. Oxford 
Univer. Press, H.K. 
Hodgkiss, I.J. & D.A. Griffiths (1987) "Need pig wastes pollute?” H o n g K o n g 
Engineer, M a y 1987:43-48. 
Hsieh, Y.P., L.A. Douglas & H.L. Motto (1981a) ”Modelling s e w a g e sludge 
decomposition in soil : I. Organic carbon transformation". J. Environ. Oual 
10:54-59. -
Hsieh, Y.P., L.A. Douglas & H.L. Motto (1981b) "Modelling s e w a g e sludge 
decomposition m soil : II. Nitrogen transformation". J. Environ. Oual. 10:59-
64. 
Hutchinson, D., R.H. W e a v e r & M . Acherago (1943) " T h e incidence a n d 
significance of microorganisms antagonistic to E^ c ^ in water". J. Bact. 45:29. 
Idelovitch, E. Sc M . Michail (1984) "Soil-aquifer treatment - a n e w approach to 
an old method of wastewater reuse". J. Water Poll. Control Fed. 56(8):936-943. 
I n g r a m , W.I. (1983) Environmental engineering" In F.S. Merritt Standard 
method for Civil Encrineer. 3rd ed., McGraw-Hill C o m p . 
Jackson, M.L. (1958) "Organic matter determinations for soils" Soil chemical 
analysLs, Prentice-Hall, In., N.J. pp.205-226. 
Jessen, P.D. (1982) Rapport o m jords mfntrerbarhet. Stvrmasutyalgfit for 
Jordforskuinq,�GEF〇，Agricult. Univer. N o r w a y . ‘ 
V 
Jessen, P.D. (1988) "Design criteria for wastewater infiltrative systems" In R. 
Bhamidmiairrl (ed.) systems, proceedings of th: 
international conference held at Massey University, Palmerston North NPW 
Zealand, M a y 26 — 27, 1988. Elsevier Appl. Sci. Publ. Ltd. pp.93-107. , 
Jong, E. De (1978) "The m o v e m e n t of sewage effluent through soil columns . 
the major ions (Na, Ca, M g , Cl, SO4)". J. Environ. Oual. 7(1):133-136. 
Joung, H.M., W.W. Miller, C.N. M a h a n n a h & J.C. Guitjens (1979) "A generalized 
water quality index based on multivariate factor analysis". J. Environ Oual 
8(1):95-100. ^ 
Klein, D.A., & L.E. Casida, Jr. (1967) c ^ die-out from normal soil as related 
to nutrient availability and the indigenous microflora". Can. J. microbiol 
13:1461-1470. 
Kristiansen, R. (1981a) " S a n d filter trenches for purification of septic tank 
effluent : I. The clogging mechanism and physical environment". J. Environ. 
Qual. 10(3):353-357. ‘ 
Krijstiansen, R. (1981b) " S a n d filter trenches for purification of septic tank 
effluent : II. T h e fate of nitrogen". J. Environ. Qual. 10(3):358-361. 
Kristiansen, R. (1981c) "Sand filter trenches for purification of septic tank 
effluent : III. T h e microflora". J. Environ. Oual. 10(3):361-364. 
Kristiansen, R. (1982) "The soil as a renovating m e d i u m - clogging of 
infiltrative surfaces". In A.S. Eikum & R.W. Seabloom (ed.) Alternative 
wastewater treatment, D. Reidel Publ. Co., Boston. 
Krone, R.B. (1968) "The m o v e m e n t of disease producing organisms through 
soils" In C.W. Wilson & F.F. Beckett (eds.) Municipal sewage effluent from 
irrigation. T h e Louisiana Tech. Alumni Foundation, Ruston, La. 
Laak, R., K.A. Healy & D.M. Hardisty (1974) "Rational basis for septic tank 
system design". Groundwater 12(6):348-352. 
L a m , K.C. (1980) Stream pollution in the Shatin River. Geographical Research 
Center. Occasional Paper no. 10. T h e Chinese Univer. of H o n g Kong. 
L a m , K.C. (1983) T h e chemical quality and use of well water in the N e w 
Territories. Geographical Research Center. Occasional Paper no. 44. T h e Chinese 
Univer. of H o n g K o n g . 
L a m b e , T.M. (1956) Soil testing for engineers. T h e Massachusetts Institute of 
Technology. 
Lance, J.C. (1977) "Phosphorus removal from sewage water by soil columns". 
J. Environ. Qual. 6:279-283. 
Lance, J.C. & F.D. Whisler (1972) "Nitrogen balance in soil columns 
intermittently flooded with sewage water". J. Environ. Qual. 1:180-186. 
Lance, J.C. & F.D. Whisler (1976) "Simulation of de nitrification in soil columns 
by adding organic carbon to sewage water". J. water Poll. Control Fed. 
48:346-356. — 
vi 
Lance, J.C., F.D. W h a l e r & H. B o u w e u (1973) " O x y g e n utilization in soHs floocWJ 
with s e w a g e water • J . Environ. Qual. 2:345-350. 
‘ - • • - - - ~ — « — ^ • 
Lance, J.C., R.C. Rice & R.G. Gilbert (1980) "Renovation of wastewater b y soil 
columns flooded with primary effluent". 52(2):381, 
388. 
L a n g g u t h , H.R. & R. Voigt (197?) Mxci^gg^ol凶 功 S p r i n g e r Verlag, 
tr L i I 11 • 
Levels W.J S.S.D. Foster & B.S. Drasar (1982)� — T — 红 
in developing countries - a 
International Reference Centre for Waste Disposal, I R C W D " ^ ^ ^ ^ r n o 7 T l / 8 2 .」�
Magdoff, F.R. & J. B o u m a (1975) " T h e development of soil clogging in sands 
leached with septic tank effluent". In H ^ e s e w a g e disposal, A S A E Publ. 1-
75. A m . Soc. Agric. Eng., St. Joseph, MI. ~ 
Magdoff, F.R., J. B o u m a & D.R. K e e n e y (1974a) " C o l u m n representing m o u n d -
t y p e d i s p o s a l s y s t e m s f o r s e p t i c t a n k e f f l u e n t : I . S o i l w a t e r a n d g a s 
relations". J. Environ. Qual. 3:223-228. 
Magdoff, F.R., D.R. K e e n e y , J. B o u m a & W.A. ZiebeU (1974b) "Column 
r e p r e s e n t i n g m o u n d - t y p e d i s p o s a l s y s t e m s f o r s e p t i c t a n k e f f l u e n t : I I . 
Nutrient transformations a n d bacterial populations". J. Environ. Qual. 3:228」�
234. 
Marshall, K.C. (1971) "Sorptive interactions between soil particles a n d 
microorganLsms". In A.D. M c L a r e n & J. Skujins (eds.) Soil biochemistry. Marcel 
D e k k e r , Inc., N.Y. pp.409-445. 
Martin, R.E. & P.G. Harris (1982) HydroQeochemical study of g r o u n d w a t e r from 
an unconfiiied aquifer in the vicinity of Perth, W.A. Aust.. Water Res. Counc. 
Tech. Pap. No.67. 
McFeters, G.A. & D.G. Stuart (1972) "Survival of coliform bacteria in natural 
waters. Field a n d laboratory studies with m e m b r a n e filter c h a m b e r " . Appl 
Microbiol. 24:805-811. 
McFeters, G.A,, G.K. Bissonnette, J.J. Jezeski, C.A. T h o m s o n & D.G. Stuart (1974) 
"Comparative survival of indicator bacteria a n d enteric pathogens in well 
water". Appl. Microbiol. 27:823-829. 
M c G a u h e y , P.H. & R.B. Krone (1967) Soil mantle as a waste water treatment 
system. Sanit. E n g . Res. Lab. R e p . no. 67-11. Univer. of Caljf., Berkeley, Calif. 
M c G a u h e y , P.H. & J.H. Winneberger (1964) "Studies of the failure of septic tank 
percolation systems". J. Water Poll. Contort Fed. 36:593-606. 
M c L a r e n , A.D. (1971) "Kinetics of nitrification in soil : growth of the ‘ 
nitrifiers". Soil Sci. Soc. A m . Proc. 35:91-95. 
Miller, M.H., J.B. Robinson & R.W. Gillham (1985) "Self-sealing of earthen liquid 
m a n u r e storage p o n d s : I. A case study". J, Environ. Qual. 14:533-538. 
vii 
c S n ' n t ' / v • 见 Biggar (1974) "Nitrogen transformat ion m coil 
舰 e n 此 沮 c a w� a n d nitrate r e d u c t W’ . Soil S c . 
Mitchell, D.T C.R. Mote, E.M. Rut ledge & H.D. Scott (1982) "Soil column 
c o m p a r i s o n o f a e r o b i c a l l y p r e t r e a t e d w a s t e w a t e r t o s e p t i c t a n k e f f l l n t ' ' n 
On_-:site sewage..da^ppsaj, A S A E Publ. 1-82. A m . Soc. Agric. Eng., St. J o s e p h；�MI.�
；;^t'tS'in j^L^tin (1976) " P a t h o g e n survival m soils receiving 
i Loehr (ed . ) 这 ? 专 ― a l t e r n a t i v e . Proc 1976 
g & n e l l Agr ic . Waste Magmt. Conf. Ann Arbor ScL, A n n T r ^ M i c h . , pp.371-
二orton, B . S . ( 1 9 7 6 ) " T h e H o n g K o n g s e a s h o r e - a n e n v i r o n m e n t i n c r i s i s " 
E r r ^ o n m e n t C o n s e r v a t i o n 3 ( 4 ) : 2 4 3 - 2 5 4 . • 
二urphy , J. & J P. Riley (1962) "A modif ied s ing le solution method f o r the 
d e t e r m i n e d o f p h o s p h a t e i n n a t u r a l w a t e r s " , ^ a l . C h e m . A c t a . 2 7 : 3 1 - 3 6 . 
N a g p a l N . K ( 1 9 8 5 ) " L o n g t e r m p h o s p h o r u s s o r p t i o n i n a B r u n i s o l m r e s p o n s e 
t〇 d o s e d - e f r l u e n t l o a d i n g " . J . E n v i r o n . O u a l . 1 4 : 2 8 0 - 2 8 5 . 
N a g p a l , N . K ( 1 9 8 6 ) " E f f e c t o f s o i l a n d e f f l u e n t c h a r a c t e r i s t i c s o n p h o s p h o r u s 
sorp t i on m d o s e d co lumns" . J. Environ . Oual. 15:73-78. 
N e l s o n’ ,’ D W . & I . E . S o m m e r s ( 1 9 8 2 ) " T o t a l c a r b o n , o r g a n i c c a r b o n & o r g a n i c 
m a t t e r • I n A . L . P a g e e t . a l . ( e d s . ) M e t h o d s o f s o i l a n a l y s i s . P a r t 2 - c h R m i r ^ ^ l 
N o . 9 m t h e s e r i e s o f A g r o n o m y , A m e r i c a n S o c i e t y o f 
A g r o n o m y .� 』�
N e v o , Z & R M i t c h e l l ( 1 9 6 7 ) " F a c t o r s a f f e c t i n g b i o l o g i c a l c l o g g i n g o f s a n d 
a s s o c i a t e d w i t h g r o u n d w a t e r r e c h a r g e " . W a t e r R e s . 1 : 2 3 1 - 2 3 6 . 
- T h e N e w E n c y c l o p e d i a B r i t a n n i c a , M a c r o p a e d i i ^ ( 1 9 7 7 ) V o l . 1 6 , p p . 5 8 2 . 
N o ^ a n , M.J., H . H a r m a n & G.M. Keeley (1988) " A n alternative m e t h o d for 
r e d u c i n g numbers of faecal co l i form bacter ia in s laughter house e f f l u e n t " In 
R . B h a m i d m i a r r i (ed.) M t e r n a t i v e waste treatment sy.st-Pmc：, p r o c e e d i n g s of the 
m t e r n a t i o n a l c o n f e r e n c e h e l d a t M a s s e y U n i v e r s i t y , P a l m e r s t o n N o r t h , N e w 
Z e a l a n d , M a y 2 6 - 2 7 , 1 9 8 8 . E l s e v i e r A p p l . S c i . P u b l . L t d . p p . 2 1 9 - 2 2 9 . 
O l s e n , S . R . & L . E . S o m m e r s ( 1 9 8 2 ) " P h o s p h o r u s " . I n A . L . P a g e e t a l ( e d s ) 
j j g i b o d s o f s o i l a n a l y s i s . P a r t 2 - C h e m i c a l p r o p e r t i e s . 2 n d e d . , N o . 9 i n t h e 
s e r i e s o f A g r o n o m y , A m e r i c a n S o c i e t y o f A g r o n o m y . 
O t i i j , R . J . ( 1 9 8 5 ) " S o i l c l o g g i n g : m e c h a n i s m s a n d c o n t r o l " . I n O n - s i t e 
圣 t n m t A S A E P u b l . 0 7 - 8 5 . A m . S o c . A g r i c . E n g i n e e r s , S t .� J ^ ^ h ； 
X�•�
P a r s o n , D . , C . B r o w n l e e , D . W e t l e r , A . M a u r e r , E . H a u g h t o n , L . K o r n d e r & M 
Setzak (1975) —H—竺‘tfe^^^兰c^—‘挫w—^g^f—f—Ij^t�i r r i g ^ o n . Poll. Control B r a n c h 
B r i t i s h C o l u m b i a W a t e r R e s o u r . S e r v . D e p t . o f L a n d s , F o r e s t s , a n d W a t e r 
Resour., Victoria, B.C. 
P e n g C . J . ( 1 9 8 3 ) " G e o l o g y " . I n T . N . C h i u & C . L . S o ( e d s ) A G e o g r a p h y o f H o n q 
Kqn_g_, Oxford Univer. Press.� 」�
viii 
fiS^iSS ； S r l l t c o n t a画 a n t� transport� — g " .� H n v . o n .�
R e d d i ^ , K . R . , R . K h a l e e l & M . R . O v e r c a s h ( 1 9 8 1 ) " B e h a v i o r a n d t r a n s p o r t o f 
二 t O ， l p a t h o g e n a n d i n d i c a t o r o r g a n i s m s m s o H s t r e a t e d S t h L ' a r a c 
wastes . J,_Ejivu:gn^uaL 10:255-266. •rrgamc 
二ice, R C 1 9 7 4 ) " S o i l c l o g g i n g d u r i n g i n f i l t r a t i o n o f s e c o n d a r y e f f l u e n t ’ ， J�
上 立 坦—— F — e — 4 6 : 7 0 8 - 7 1 6 . ^ e m u e n t . J , 
？ice R.c & H . B o u w e r ( 1 9 8 4 ) " S o i l a q u i f e r t r e a t m e n t u s i n g p r i m a r y e f f l u e n t " 
a t e r _ P o l L _ - C g n t L _ F M . 5 6 ( l ) : 8 4 - 8 8 . ^ e m u e n t . 
" U s e o f c l u s t e r a n a l y s i s m l e i s u r e r e s e a r c h " . 
二 f f� 1 ' 丄 G . '� M� H . M i l l e r & P . H . G r o e n e v e l t ( 1 9 8 5 ) " S e l f - s e a l i n g o f e a r t h e n 
S l l S " 5 4 3 p o n d s ：�I . R a t e a n d m e c h a n i s m o f sealing'' 
二 u e r , D K . ( 1 9 7 7 ) " T r e a t m e n t s y s t e m s r e q u i r e d f o r s u r f a c e d i s c h a r g e o f o n -
， 二 w a t e r " . I n N . I . M c C l e l l a n d ( e d . ) 
圣.Ann A r b o r S c i e n c e P u b l . , I n c . , A n n A ^ ^ r ,� M i c h ：� "�
P h o s p h a t e m o v e m e n t t h r o u g h s o . c o l u m n s " . 
S a w h n e y , B L & D E . H i l l ( 1 9 7 5 ) ” P h o s p h a t e s o r p t i o n c h a r a c t e r i s t i c s o f s o i l 
t r e a t e d w i t h d o m e s t i c w a s t e w a t e r " . J . E n v i r o n . Oual. 4 : 3 4 2 - 3 4 6 . 
& M . B G r e e n ( 1 9 8 4 ) " C l a s s i f i c a t i o n m h u m a n g e o g r a p h y " . I n G . L . 
G a i l e & C . J . W i H r n o t t ( e d s . ) S p a t i a l s t a t i s t i c s a n d�modf^l.c；. p p . 5 5 - 7 9 . 
二J^ i^ j^i/.�H . '� / : / f ， ， o t a� &� N . T a k a k a g a ( 1 9 6 6 ) " F a c t o r� a n a l y s i s 。 f s t r e a m 
p o l l u t i o n o f t h e Y o d o r i v e r s y s t e m " . A i r w a t e r P o l l . I n s t . J . 1 0 : 2 9 1 - 2 9 9 . 
^ ^ t 丄 P h . D . diss. Univi^T'of 
W i s c o n s i n - M a d i s o n . 
S i e g r i ^ t R L ( 1 9 8 7 ) " S o i l c l o g g i n g d u r i n g s u b s u r f a c e w a s t e w a t e r i n f i l t r a t i o n 
1 6 ( 2 n 8 ? - 1 8 7 f l u e n t c o m p o s i t i o n a n d l o a d i n g r a t e " . J . E n v i r o n . O u a l . 
S i m o n , A . P . & F . P . M a g d o f f ( 1 9 7 9 ) " L a b o r a t o r y e v a l u a t i o n o f d e s i g n p a r a m e t e r s 
Z i m o u n d s y s t e m d i s p o s a l o f s e p t i c t a n k e f f l u e n t " . E n v i r o n . O u a l . 8 : 4 8 6 -
4 Jz. 
乏 � ^ 且 旦 ^ 卫 ^ 逛 ( 1 9 8 8 ) S P S S , I n c . 
tkg—sjg—g—ygkerp—(_gj\S) users' guide (1988) S A S , Inc. 
S t e w a r t L . W . , B . L . C a r l i l e & D . K . C a s s e l ( 1 9 7 9 ) " A n e v a l u a t i o n o f a l t e r n a t i v e 
s i m u l a t e d t r e a t m e n t s o f s e p t i c t a n k e f f l u e n t " . J . E n v i r o n . O u a l . 8 : 3 9 7 - 4 0 3 . 
ix 
i S f K v e s t o c k w a s t e c o n t r o l s c h e m e " . C . e . n 
工ymoi^s,. B . D R . C . S i m s & W . J . G r e n n e y ( 1 9 8 3 ) " F a t e a n d t r a n s p o r t o f o r g a n i c s 
^^ ( C^、•�1� /t� 1 CI o ~~~ ^^  工* 
Control 
T ‘ 紅 D . B o k i l ( 1 9 8 2 ) " W a s t e w a t e r t r e a t m e n t b y s o i l s : r o l e o f p a r t i c l e -
s i z e d i s t r i b u t i o n " . J . _ E n v i i - o n . Q u a l . l l ( 4 ) : 5 9 6 - 6 0 2 . ^ 
S ^ e 二 D . T 二� H i l l� & C . D . B u s c h ( 1 9 8 3 ) " M a n u r e e f f e c t s o n m o d e l l a g o o n s 
t r e a t e d w i t h r e s i d u e f o r b o t t o m s e a l i n g " . T r a n s . A S A E 2 6 : 4 3 0 - 4 3 5 . 
T h ， a ， ， R . E & T W. B e n d i ^ e n ( 1 9 6 9 ) 丨 丨 D e g r a d a t i o n o f w a s t e w a t e r o r g a n i c s m 
soil'. J ^ W a t e r Poll. Control F e d . 41:808. ^ 
f n ^ f二 ^ a s R . E . , W . A . S c h w a r t z & T . W . B e n d i x e n ( 1 9 6 6 ) " S o i l c h e m i c a l c h a n g e s a n d . 
L r e d u c t i o n u n d e r s e w a g e s p r e a d i n g " . S o i l S c i . S o c . A m . P r o c . 
U . S E n v i r o n m e n t a l P r o t e c t i o n A g e n c y ( U S E P A ) ( 1 9 7 7 ) P r o c e s s d e s i g n m a n n ^ l 
玲 V , 声 巧 嘿 差 w — a — s t e w a t e 丄� Environ, i t e c t . Agency,~EFA 
t、。/丄-/ 7-003. 
p ' t l s ^ ^ T c f e f h S e r v i c e ( U S D H E W ) ( 1 9 6 7 ) M a r m a L o L ^ . t i c t a n k p r a c t i c e . 
P u b l . 5 2 6 , U . S . G o v t . P r m t i n g O f f i c e , W a s h i n g t o n , D . C . 
V a n D o n s e l D . J E . E . G i e l d r e i c h & N . A . C l a r k e ( 1 9 6 7 ) " S e a s o n a l v a r i a t i o n s i n 
s u r v i v a l o f i n d i c a t o r b a c t e r i d i n s o i l a n d t h e i r c o n t r i b u t i o n t o s t o r m w a t e r 
p o l l u t i o n " . A P R l ^ M c r p M p J L 1 5 : 1 3 6 1 - 1 3 7 0 . 
V k - a r a g h a v a n T . & R . G . W a r n o c k ( 1 9 7 6 ) " G r o u n d w a t e r p o l l u t i o n f r o m a s e p t i c 
h i e f i e l d ’.� W a t ^ i ； ： ^ — 辽 L 5 : 2 8 1 - 2 8 7 . 
y a s ” t e D i s p o s a l O r d i n a n c e , t h e L a w o f H o n g K o n g : c h a p t e r 3 5 4 , a m e n d e d i n 
^ ^ e l l s , N ( 1 9 7 3 ) " T h e p r o p e r t i e s o f N e w Z e a l a n d s o i l s i n r e l a t i o n t o e f f l u e n t 
d i s p o s a l " . G e o d e r m a 1 0 : 1 2 5 - 1 3 0 . 
W h e l a n B . R . & N . J . B a r r o w ( 1 9 8 4 a ) " t h e m o v e m e n t o f s e p t i c t a n k e f f l u e n t 
t h r o u g h s a n d y s o i l n e a r P e r t h ( I ) - m o v e m e n t o f n i t r o g e n " . A u s t . J . S o i l R e s . 
2 2 : 2 8 3 - 2 9 2 . 
W h e l a n , B . R . & N.J. B a r r o w ( 1 9 8 4 b ) " t h e m o v e m e n t o f s e p t i c t a n k e f f l u e n t 
t h r o u g h s a n d y s o i l n e a r P e r t h ( I I ) - m o v e m e n t o f p h o s p h o r u s " . A u s t J S o i l 
R e s ^ 2 2 : 2 9 3 - 3 0 2 . ‘ ‘ 
Y u e n : Y . M . ( 1 9 8 3 ) 迎 a r e a : a 
c — h - e — m i — c a l — — ^ d — — p 旦 L : — t i o a — M a s t e r t h e s i s , t h e C h i n e s e U n i v e r . o f l ^ ' ’ 
K o n g . 
X 
M m { D I X _ l p H o f t h e s o i l l e a c h a t e s a m p l e s 
S o " ^ “ ™ 
8 15 22 36 50 认 78 92 106 120 
^ ^ U U ^ — ^ ^ 
50 U U ’ • 
1?0 “ 5:1 “ 5.8 1.1 8.4 U d 1:1 
6.2 6:1 5.9 U U 6.3 5.5 I'l M 
VAl 0 6.3 5.6 5.9 3.7 3.5 U U ：� .�
n 7.8 1 八 80 8.0 7.8 U 
u 7.1 7.6 8.0 4.2 7 6 1 8 
0 7.3 1.1 7.8 U 3.8 8.1 ；； 
VA2 2? 5.1 7.3 /.3 ：� \\�
.� • 8.1 8.1 8.2 8.2 
. . M 8 . 1 4 . 3 7 . 8 8 . 1 
\l U 7.2 8.2 lA 4.0 U 7.8 
20? 7.3 M U U U U U 
300 7.5 8 1 7 ； 5' • 
20 1.2 8 .2 8:1 8 .0 8:1 8:4 
. M 3.9 8.1 /.8 
1?0 7.6 U 7.9 7.8 
m u 5.6 7.8 M 7.5 .8 \\ U 
' ' I I 5 1 5.5 8 2 8 1 81 78 8.2 8.1� 1：1� I：] 
n r . . l.l 7.5 7.6 7.3 8.2 1 , 1 U 
n • . . • 8.1 8.2 8.0 8.4 7.6 8.4 
110 “ “ 5 . 1 5.2 5.0 5 .4 7 9 7 7 7 Q V] 
2二� H� ‘� l.l 5.5 5.9 U U 5.8 ； ： 
CP 0 . . 0 0 5.9 6.3 5.9 5.9 5.8 5. • , I'l • ” 8 . 3 8 , 3 7 . 6 8 . 0 8 . 4 
5 7.3 7.5 8.0 7.9 7.9 7.8 6.9 8 0 7 7 fi ? 
80 6.1 6.9 J A 7.6 7.6 7,5 8 2 2 ’ • 
111 7.2 U 7.5 丨 丨 丨 : ： ： 
•� .� ”� U� U� “� U� 4.6� 4.6�m� 6.1� .� 1 5.6 6.2 5.9 5.8 5.5 5.5 
GAl .0 7.9 7.8 lA 1,1 5.7 7.3 6 9 
. 1,1 6.7 7.5 8.1 5.7 3.8 5.9 6.2 
；� 1 、 7.5 6.8 7.5 l A 7.2 3.8 6 .8 6 .8 
205 5.9 6.0 6 .5 5.9 7.0 U 7.2 5.1 H 
� 0 " 6 2 6.J 6 .8 ” 7.0 7.3 6.5 6：8 6：9 
GA2 . . 8.1 7.6 U 6.0 U 
7.4 8.0 6.7 7.6 6.1 6.5 4.8 " ” 
0 “ 6 . 9 7 . 5 6 .2 lA 6.2 6.6 6.3 5:2 5 
1 10 7 5 “ “� fi、�
205 U hi 7.0 6.1 6.1 1:1 6.3 5:9 ； . 
300 5.8 6.2 6.8 6.4 6.5 5.9 6 
⑴ 20 U 7.7 7.6 8.1 8 .0 8.2 8:1 ： ； 
7.5 7.6 8.3 7.6 7.9 8.3 8.3 8.4 
.2 6.8 U 8.1 “ 8.4 8.5 8.5 8 :5 8 5 
• , , • . ？‘？ 8.5 8.0 8.8 8.4 8.6 
205 4.5 各.3 4.4 4.4 /L5 4.7 6 7 7 S 7 i 
300 4.9 4.5 4.6 U 5.2 6.0 6. 1 6_1 6* 7 
GM 20 U 8.3 7.4 U 7.9 8.1 ； ；� .�；� U 6.9 7.3 U 8.4 7.9 /.9 8：2 8：5 • 
, H 7.3 7.5 1.1 8.2 8.5 8.2 8.1 
. “ 4.5 7.5 7.8 7.9 8.0 8.1 8.6 
• , , H .0 5.5 5.4 5.6 U 1.2 
• 6.6 6.1 6.4 6.1 6.2 6.1 6.0 6.2 6.3 U 
i 
. A P P M D I X _ 2 S p e c i f i c c o n d u c t i v i t y o f t h e s o i l l e a c h a t e s a m p l e s 
S o i l Depth 一 “ ^ 
( c " ) 8 15 22 36 50 U 92 106 1 2 。 
VF� II 術 肌 0� �^ “ 觀.,,,,,�
1183.2 311.1 • . 
1?0 … 监 5 • � • • � 380 .0 溫 : � � 
FFF 505.2 408.0 408.0 «20；2 350.0 315.0 U9 0 m l 
川 。 • 勵 510.0 457.0 420.0 250.0 193.0 ： 5 • 
. 357.0 亂。 M 2 0 . 0 1300.0 2323.2 288 3 ； 
FF� I • . K9.9 260.0 1700.0 ⑷ . 5 267.5 2/0 
Z 亂 1 214.2 216.2 5600.0 270.0 528.0 “2:0 270:0 ’ 
n t n 0 ？ 训 • � 528.0 5JJ.8 50/.6 
, , r i -.0 
n .0 265.2 306.0 390.0 290.0 528.0 749.0 410.4 
m 8 6 3 . 2 0 U n U 560.0 530.0 ^ 2 0 . 1 2 . 
, 膽 1949.7 0.0 193.8 350 0 m i • • 
20 浩�J 0.0 2 3 U 1000.0 1300；? U O O.O lllU Z.l iPlU 
F； 265.0 591.4 374.5 334.8 
no 1351：8 _ • 。 23D.。 475.2 m.l 3 2 U 
3^0 • 29U • • 。 胸 $00.0 3 . . 0 3 3 M U U 35M 
GI 71JU mu 8262.0 6200.0 4400：0 5300.0 6 ； 9 ； 8 ' 
0 1356.6 6120.0 5100.0 5355.0 6900.0 5800.0 5800.0 6336 0 • 
0 'Hi ；二 ； 5 二 二 m.l llrn ！I : 
. 恐 . 2 . 3 4 3 0 4 00.0 4050.0 5596.8 5992.0 _ . 0 
, H 163.2 173.4 765.0 390.0 540.0 860.0 675.8 1177 0 1836 0 
300 110.2 122.4 122.4 242.8 250.0 450.0 335 0 3 9 n7 
F 盟 . A IZi ''Hi ⑶？』n 亂 。 5 4 0 0 ： 0 _____ 9 ： 9 ； 
. . . • 6500.0 5600.0 5700.0 6336.0 9202.0 8M8.0 
, . . . .0 6300.0 7400.0 6 _ . 0 6230.4 7276.0 7452.0 
. 6 0 6 0 8 6200 0 /200.0 6000.0 6864.0 6420.0 5832.0 
‘ . . 1 . 2300.0 2745.6 2782.0 3240.0 
GAl 1 • • 0 0 800.0 1050.0 1214.4 1605.0 1566.0 
. • • 1 • 2100.0 2450.0 3907.2 4280.0 3888 .0 
• , • . y . . 560.0 610.0 1225.0 1391.0 1728.0 
55o m 158.1 216.2 180.0 200.0 180.0 633.6 388.8 
III Wli 222.4 210.0 195.0 190.0 llu llu n U 
GA2 . . • 219 .3 0 . 0 215 .0 220 .0 211.2 203.3 194.4 
• • . m , 1 • 2600.0 2750.0 2745.6 2675.0 2808.0 
. . 8 1 0 40.0 _ . G 2112.0 2354.0 2268.0 
, • H 2U.2 lUA 310.0 330.0 335.0 580.8 813.2 1188.0 
i i u t j o . o 3 0 0 Q 2 9 1 7 1 0 7 0 A 
\ll “9^8 I 8 U 1 5 8 1 IIU IIU 21。:。 170.0 211 :2 192 ；6 ： 
300 183.6 173.4 163.2 185.6 175.0 170.0 169 0 19? fi 9 
⑴ 20 2902.3 mu 7650.0 UOO.O 9200.0 6 5 ； 7 ： 8 . 
• 0 6630.0 m u u m _ . G 7200.0 ； 
, • J080.0 mu 7000.0 _ . 0 7200.0 7392.0 6527 0 
1 . 丨 , , 2 2 4 4 . 0 3366.0 5900.0 8900.0 9000.0 7180.8 6955.0 5724 0 
205 653.8 612.0 683.4 1203.6 1200.0 1700.0 1351.7 2354 0 2268 0 
川 S。 j S f ' 5 612.0 520.2 938.4 900.0 1300.0 1170.0 ； . 
GA4 92U 6324.0 7752.0 8262.0 7000.0 6700.0 “00.0 6019 2 .0 
1 0.4 5916.0 6120.0 7956.0 6000.0 /600.0 7400.0 . ， 
� • u V . _ . � T A _ • � _ • � 6 3 3 6 . � 6 0 9 9 . 0 6372:0 
8 . 775.2 1122.0 5200.0 7300.0 5300.0 6124.8 5992.0 5076.0 
川5 川6.5 948 .6 1650.0 1700.0 2217 6 2 U 1 0 ？JOfl�n�
• 209.6 22U 285.6 765.0 亂 0 890.0 1520.0 m.l 2140.0 ™ 0 
ii 
E , c o l i e n u m n e r a t i o n o f t h e s o i l l e a c h a t e s a m p l e s 
Soil Depth “ — 
8 1 5 22 36 50 78 92 106 120 
VF 20 U O E + 0 ^ O.OOE+00 l.lIE+05 U O E + 0 3 2.00E+03 1.52B+05 9 80E+05 丨 l O P遍� 1�
'08102 O.OOBfOO O.OOEfOO O.OOE+OO O.OOE^OO� 0 〗 •� •�
, • + f E + 0 2 I.00EI02 O.OOE+00 O.OOE+00 1.52E+05 O.OOEiOO 0 • 
. O . O O E f O O 。 . _ _ l . i m 0 2 G. + 0 n 
. + ”，00� O.OOEiOO� O.OOE^OO M O E + 0 0 O.OOEfOO : ；�,� •�
V,,� 0� • ：� ' 5^00 O OOEiOO O.OOEiOO 0.00E_ 0.00B_ 0 . 0 _ 0 0 . 0 0 : : o 
VAl . E+03 2 . 2 7 E m O.OOK+00 O.OOE+00 5.00E+05 O.OOE+00 O.OOE+00 1.51E+05 3 Ei03 2 2 !o? 
• ：� l i l l T .� 0 . 0 0 _� U _ 0 1.00EI03 2 . 3 _ 7 i : + ‘ 
.63E+03 5.89E+03 O.OOE+00 O.OOE+00 O.OOE+00 1.27B+07 O.OOE+00 22E+03 0 00 lofi 
• f 0 2 1 . 2 _ 3� U _ 。 D . D _ 。 O . O O E ^ O O 5 . 。 _ 3 。 • 。 _ 。 二� 0� 0�
• ： ' S lilll S . 巧 ” o _� 0.00E.00� o.。_o� 0.0二� 0.0� . : S 
Vn G • • . • + 。.幌_� O.OOEiO�
' S • O.OOE+00 l.llE+02 l.llB+02 O.OOE+00 5.00E+03 5.62E+02 2.58E+03 1 12E+02 
• f 2 __。.GGE_。.__  O.OOE+00 0.00 /o i • 
0 ' ：� I ' T l 父.0^”� 0 . 0 酬 0� 0.00E_� 0�0 二 Z 
'SJ^J� 。.__� O.GGE_ O.OOE+00 O.OOEtOO O.OOE+00 O.OOE+00 O.OOEtOO 0 m m 
05 O.OOK+00 O.OOE+00 O.OOE+00 O.OOE+00 O.OOE+00 0 OOB+00 0 OOF+OO n nn nn 
VA3 _丨：二3 I'Zll 二FF_S丄。™_____。。二__1S ：： 
. 'SnS S 2•巧O.OOE+00 O.OOE+00 O.OOE+00 O.OOE+00 1.92B+05 2.25E+02 1.12E+02 k W+02 
• : m i l l ^ O O E + O O O OOEfOO 0 . _ 0 0 O.OOE^OO 0 肩 _�0 . 0 二 + ： , ； • ™ • ™ 。 . 霞 _ O.OOE+00 O.OOE+00 O.OOE+00 D . O O E _ 0 . 0 0 E _ O.OOE+00 0 0 0 % 
. + •22E+03� O . O O E f O O 。 . _ _ O . O O E + 0 0 。 . _ _ O.OOE+00 O.OOE+00 O f i 
• ； ____/__ o,2_。。.__� o.o_。0.00_� 0.00_ + •• + ； 
GI� .� ' ： ' S ? I T . I T , O.OOE^OO l.llE+03 0 . _ S 
GI II • 2.59E+07 3.20E+07 6.20E+06 9.70E+06 2.26E+07 4.40E+06 1.55E+07 I 69B+06 1 25B+06 
.+ •0 Ef06 2.嶋 2.mm 3 . 麵 1.删7 1.酬� I ：. 
I� . + 1.22E^0/ 3.10Ei05 2.50E+07 1 . 58E^07 1.88E+07 2.38E+07 + E+ 
f _ 。 4 . 2 0 E ^ 0 3 1 . 5 0 E m O.OOE+00 O.OOE+OO 3.90E^06 l . i m o f • + 
• ™ O.OOE^ OO� 0.0。謂。•_。。o.。_o� o._。o。•。。；� m ；� •�CP 0 • ： . 二 ？？.S?，o』。_ 0侧。o.。_o 0 : : : •� ' 2.28E+07 1.96E+06 LIIE+OS 2.48E+07 7.50B+06 4.90B+07 2,70B+06 1 72E+06 
p ™ 5 . 6 0 E I 0 6 1 . 61E+07 1 . 46E+06 7 . 8 _ 7 3 . _ 。 7 1 . 9 0E+07 3 +0 i / 
. 0 E I 0 7 U O 痛 U _ 5 U 痛 3 . 侧 7 1 . 则 7 + + ； • 
. 0 0 _� 1 . 讓 7 . 8 0 _ 3 . 嶋 3 . _ " 0 E + 0 6 1 細 6� i + . 
• 二� ^ J K O.OOE+00 0.00_ O.OOB^ OO 0 0 + : : : 
m • •� - L O E f 。 • _ _ 。 . _ _ O.OOE+00 O.OOE^OO 0 0 + 
. . • f 0 O.OOE+00 2.00Ei03 O.OOB+00 O.OOE+00 O.OOB+00 O.OOE+0 
• . + . f +� 。.__ MGE+GG O.OOE+00 O.OOE+00 0 i 
n . 5.36E+05 O.OOE+00 OOE+00 O.OOE+00 O.OOE+00 O.OOB+00 O.OOE+00 OOE+00 O.OOB+00 
' S 。 , u „ ,� AAA� ..� O.OOEiOO� O.OOEtOO O.OOE+00 O.OOE+00 
. • . + 2.00E^ 01 O.OOE+00。.__ O.OOE+00 1.1^02 O.OOE^  
300 2.56E+00 l.lOE+02 0.008+00 O.OOE+00 O.OOE+00 O.OOE+00 0 . 0 0 E _ 0 OOE+00 0 OOE+00 0 OOE+00 
• K 2 80Ei02 1.12Ei02 l . _ +。4 5 .。 0 _ 1.35 + ； ：� .�
. . : . O O E + 0 0 2.00Et02 0.00_ O.OOE^OO O.OOE+00 0.0請 0 : + 
, . + 3 . 3 8 _ 3 O.OOE+OO D . O O E _ O . O O E + 0 。 U O _ D O.OOE+00 D . O O E _ D . O O E _ D . O O E _ 
' S “ M M " A ^ O.OOEfOO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE^OO O.OOE+OO 
. + . ( ) • _ _ D . O O E _ O.OOE+OO O . O O E + O O。. 0 0 E _ O.OOB+00 O.OOE+OO O.OOEfO 
m 0 • ! . r ！E，0.誦� 0 麵� O.OOBfOO O.OOE+OO 0 . 0 0 E _ 0 . : : 
‘ . E + 0 7 6.10E+05 5.00E+07 l.OIB+07 9.45E+06 2.15B+07 8.00E+05 4.55E+05 
. : H P ” 2._。6 ___ 5._。6 _/__ 8.i二 + 
. B + 0 7 1.13E+07 2.02E+06 3.96E+06 3.90E+06 6 .70E+05 7.00E+05 2 J 0 E m 3.20B+04 l l m l •二 f.S+。6� OOOEiOO 3.9_5。：。二。 .^foloi� : =�
•� • + . 1 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOB+00 
m G . . + •� _ 。 • _ _ 。 • _ _ O.OOB+00 O.OOE^OO O.OOE+OO O.OOE+OO O.OOBtOO 
. • ' OE+06 7.00E+05 1 .22E+07 1.38E+07 3.20B+06 1 . 5 0 W 1.60BI06 1 29E+ 
• . + . B+0 6.00Et06 1.52E+07 M O E + 0 7 9 . _ 0 6� l . 。 _ 6 二 
I� . + • f .则I.34E+07 l.OOE+07 8.30Ei06 8 . m m 5 . m m 6.85Bf05 2.20B^05 
. 1 0 O.OOE+00 O.OOE+00 2.00E+05 8.30E+05 J M m 3.10Ef06 2.22E+05 
� ； « CAD An 1.56E+02 O.OOE+OO O.OOE+OO l.llB+02 O.OOE+OO O.OOE+OO O.OOB+00 O.OOE+OO 
300 8.99E+00 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 5.00E+00 O.OOE+OO O.OOB+00 O.OOB+00 O.OOE+OO 
iii 
A P P E N P I X _ 4 B i o c h e m i c a l o x y g e n d e m a n d (BOD5) o f t h e s o i l l e a c h a t e s a m p l e s 
Soil D e p t h ^ • 
^ 8 15 22 36 50 ” “ 78 92 106 120 
“ I 1 11 1 1 1 • “：： ；； 11 I 
… 1 1 1 fi 1 1 i丨 I I I 
92.8 /1.2 24.9 U ；� .�
“ 1 1 111 i 1 1 i I! 
1 l i fi 1 1 i i I 
” i i i i i l l £ 丨丨i:丨 i l i 1 1 1 1 0 ！25.8 2 0 H . 8 3008.2 2 9 3 0 J 252 ；� .� .� .� 1�
S。. q h ^ 220 / 2 4 2 1 1 2090 3 ！^!：^ � \l\ \：) { 二 ！！旧 
3 . ‘ . 1 . 1 • 232.8 756.0 1 2 U J 
』 : 5 6 29 ：� , ； 3 U S ^ ' ? 
溫：丨；K Z1 
1^32.3 32/5.8 4/57.3 3191./ 254 • • . • . 
{11 ？ 2 1 ⑶ 2 ：溫:S ！ 2 ： 
- 丨 丨 3 丨 丨 ： 丨 1 3 0 0 . 12 二 
26.0 23.6 31 2 n 9 11 00/ c « c 
6.8 3501 J 21" WJ 1 ：� .� 1� • 3 • • 
' 。 丨 ： 丨 - n . � � ' ： 丨 ； , [ 丨 ” 
'；|：| i l i � i '；：! 
m , , s u 监 ； ： ！ JM ： 
- ： ； 旧 3 丨 ; 。 溫 j J , J ,3 J iili i；! s丨丨丨丨：丨溫i I溫：！ 
110 135/.3 111/.3 2121.8 24/4 9 l?Sf. 9 n i o ；� oJo ；;；‘^ 二. 
205 1209.5 1097.4 1 0 8 U 1127.2 ； ：� �^ ‘� •� •� .�
300 569.8 1010.8 95/.7 801./ 811.4 0 • V • 
以 4� II ^05.8 2918.0 3 7 2 M 3319.2 30 1 ：� J ； 2 • 1 ‘ , ‘ 
. . 3 U 9 . 8 遍 . 2 3 U 1 . 7 25/7.3 1291 .8� ‘ 】 . ！� •�
0 986.8 1339.6 UYIA 3(H9.2 2687.2 脇 2 6 9 541 m ？ mA 
m.j __  _/_ __/_ __ �isu� i ： ‘ � ^ ' 
. ， . 2 9 1 . / 553.0 11 90.9 1058 ./ 1380.4 1 J ' • 
遍 61.8 53.2 101.1 276.9 392.2 896.0 m . l�m： ] 
i V 
A P P E N P 1 X _ 5 T o t a l o r g a n i c c a r b o n ( T O C ) o f t h e s o i l l e a c h a t e s a m p l e s 
Soil Depth Day 
W 8 1 5 22 36 50 64 78 92 106 120 
Vl^  8 m i A U 2 0 . 0 2 1 U . 0 1590.0 600,0 亂� 0�
50 51.0 62.1 32.4 260 1 340 6 
Z 29.1 l U 63.3 701.1 228；9 i u 
110 245.3 21.3 64 3 23 1 
111 I H 39.8 108.4 U 5 . 3 215.9 179.6 Ul.'o 135:9 
, 川 . 33.9 159.6 180.6 185.7 206.0 183.6 231.5 
川� . 39.7 102 . 7 231.7 270.0 4 8 U 555 . 7 U 8 . & 
. ”.1 82.1 387.8 U 8 . 1 66.5 112.5 
, 91.5 812.0 68.5 90.7 95.2 
1 5 3 . / U . l 3 5 . 7 5 8 . 1 2 9 . 8 
zUi 1^ 2 2 104 2 142 1 112 6 93 1 
v n y U 2 . 5 181.4 159.5 456:6 135:0 43o'.6 130:8 98:6 
船 2 . 62.0 112.2 386.3 733.7 337 .0 3 U . 2 
• 25.5 60.6 505.0 471.8 67.6 /4.8 
, 32_8 25 .4 5 " 51.8 458.1 319.4 42.7 
Q .. A 1 42.0 33.3 58.0 51.7 55.7 0.0 
205 322.9 95.5 1 U 7 . 5 492.8 47 2 72 9 
300 2328.9 123.2 197.8 75 .3 8? 5 54 / S s l 
⑴ 20 310.9 0.0 101.3 235.3 352.9 722.2 388:5 293:3 
1 . „ ' “.2 777.6 121 .8 0.0 
I , • 373.5 16.7 96.1 56.1 m A 73. 1 50.3 
110 599.7 57.6 7。Q ^ 24.5 427 . 1 175 . 6 64.6 U . l 79.0 37.3 
M 300 798.8 162.0 U 5 . 6 132.5 159.2 148.5 99.2 
GI 20 91 . 6 1258 .9 1955 .4 m 0 _ 0 1549.0 750.0 1090.0 1000.0 1860.0 1560.0 
0 1022.0 K 3 3 . 0 1386.8 1100.0 1582.0 967.0 1240.0 1000.0 1180.0 1810.0 
0 … . 0 8/i0.9 1510.6 1380.0 1316.0 748 .0 540.0 730.0 831.0 795.0 
58.5 272.9 1120.0 1085.8 1138.0 670.0 630.0 719.0 516.0 
H 13.1 183.6 95.0 101.0 222.0 118.0 362.0 549.0 
300 22.3 16.0 26.6 118.5 17.0 11.0 89.6 23.8 ^7.6 37 0 
GF 0 905.3 1723.4 1831.0 2180.0 1610.0 953.0 970.0 2050.0 2110.0 2430.0 
0 ^89.0 1/25.0 1825.3 1600.0 1390.0 914.0 1610.0 1/70.0 2140.0 2190.0 
80 685.0 1507 .0 H O I A 1430.0 1198.0 887.0 710.0 620.0 1170.0 960.0 
943.0 1495.6 2240.3 1480.0 11/1.0 1189.0 470.0 570.0 698.0 440.0 
111 19.3 652.0 816 .0 193.6 936.0 993.0 1269.0 1270.0 1407.0 1372.0 
, , , JOO 15.6 92.8 U 1 . 3 105.8 134.9 218.2 208.8 493.6 625.1 588.0 
GAl 0 5 U 38.5 34.5 4?.8 88.2 282.2 78.2 60.3 
• 40.2 530.1 11.5 0.0 
；� I'l 1552.9 10.2 12.7 53.6 1041.1 U . O 0.0 
205 — 12.6 U 12.3 11.2 15.8 19.0 10.7 0.0 
, 0 24.6 32.1 33.2 33.1 34.4 90.0 43.5 25.5 6.4 
旭� lii-J� 0.0 79.3 88.6 86.6 49.6 66.3 45.4 
50 102.9 13.4 16.2 51.8 28.0 24.9 0.0 
？0 12.7 22.8 22.9 8.2 0.0 0.0 
110 0.0 47.3 0.0 0.0 
205 38.1 0.0 31.4 39.7 33.6 20.0 25.5 0.0 7.3 
300 43.3 27.0 56.6 59.1 30.3 26.5 41.8 29.4 15.0 
20 “2.6 1627. 5 1812.6 1485.0 1178.0 1060.0 670.0 840.0 1440.0 
50 755.7 1536.9 1723.0 1550.0 1281.0 923.0 540.0 400.0 895.0 770.0 
80 822.0 1326.0 1480,0 1153.0 1074.0 690.0 480.0 438.0 U O . O 
IIJ 815.1 912./ 1067.0 940.0 1130.0 570.0 649.0 550.0 
205 489.0 381.4 H l . O 512.0 879.4 606.7 384.7 407.3 475.6 453.2 
, , 279.0 391.0 356.0 366.0 338.0 348.0 339.0 327.0 342.8 422.0 
GA々 389.6 1491.4 1 9 U . 8 1680.0 1500.0 1020.0 896.0 1320.0 1350.0 1060.0 
50 ^52.7 1536.0 1749.9 1630.0 1183.0 982.0 838.0 440.0 470.0 663.0 
80 ^72.0 529. 6 1131 .2 U 9 0 . 0 1248.0 1009.0 718.0 370,0 632.0 7 U . 0 
338.4 m A 637.2 8/3.0 1198.1 1154.0 800.0 380.0 563.0 638.0 
2 228.3 592.3 655.9 710.9 779.9 815.4 
300 99.0 23.7 U . 2 119.9 162.4 223.3 435.0 489.0 508.0 319.0 
V 
T o t a l c a r b o n ( T C ) o f t h e s o i l l e a c h a t e s a m p l e s 
Soil Depth 
——-！10.� no�
n o 29.1 l U 63.3 1 0 . . 3 趙 3 旧 
. I r 11:1 ：； ill I I . . S 蓝丨 l i 
50 98.1 • 135.2 3 . U 662.5 855 .3 812 
80 91.5 " . 4 .5 468.1 66.5 112. 
li? "‘5 35.7 I . . 
.r 翌 1 5 | : i - i 
；S It! ？ 
110� .� •� … 51.8 ^58.1 319.4 42 7 
205 322.9 5 U ! • 33.3 58 0 51./ 55 ./ U 
JO 2328.9 123.2 2 8 . 〒 ’ . 8 仏 2 106.7 
310.9 0.0 U . 87. 5 54.7 55.3 
50 119.3 0.0 刷.2 3 • 52/.5 800. 9 564.8 516.3 
？?A 50.1 U 9 . 4 16 7 •� “ ，� 777.6 121.8 0.0 
110 599./ 56.1 476.4 73.1 50.3 
205� , , , ⑴ , 5/.6 
300 m . 8� ⑶ • 205 9 107.7 104.6 128.5 “.2 
i 丨丨；丨：；i!Sj：] l i - i ； s 二 ； 
- 丨 ? ; 溫 』 d £ £ £ i r 
？?0 ； K 滥 = 1 1 ^ ： : ! ffi 
05 23.6 /30.0 1 . . .� .： 恐 . 0� M l。 .。 1 0 8 0 . 0 
300 15.6 92.8 U 1 3 . . I® ‘ ！《.O 1270.0 U 9 0 . 0 1U8.0 
⑷ 20 54.7 38� ⑴ . 3 1 . 2 8 2 0 493.6 652.5 645 
50 0.0 96.8 . 47.8 88.2 282.2 78.2 60.3 
80 0.0 1630.4 10 ？ ？9 7 M 530.1 11.5 0.0 
110 0.0 10.2 12.7 53.6 1 0 U . 1 44.0 0.0 
F 』 ： 丨 丨 丨 ： 丨 - - J ； ； ； - 丨 丨 ： 丨 » ： ! 
102.9 13.4 16.2 1 • . 49.6 66.3 45 .4 
80 12.7 22.8 22 9 ‘� •。 24.9 0.0 
110 0 . 0 0 . 0 0 . 0 
205 4 7 . 8 0 . 0 31 4 n 7 l o 9 .. 0 . 0 0 . 0 
300 49.8 27 0 • ‘ 39.2 20.0 29.9 0.0 1 3 
20 665.5 2029： 25 ： 2395 0 20 • ^ 9 . 4 15：0 
0 838.9 1945.^ 22 “ 2480 0 0 . .� . 。 _ . ( ) 2250.0 
80 822.0 H 3 9 . 0 • . . . “ 1804.0 1550.0 
？:S i忠 
丨S 溫 j d S ffi ！ 
10 338.4 “ M 637 3 • • .� 』 】 _ . 0 J608.0 
205 228.3� 。 “ 1� 1 P " 0 0 . 0 1310.0 1208.0 
3 0 。 1 2 。 . 2 3 U /0.8 152.2 . U 溫 盐 ； i ^ O ！ Z ] 
. 
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A P P E _ N D I X „ 7 T o t a l i n o r g a n i c c a r b o n ( T I C ) o f t h e s o i l l e a c h a t e s a m p l e s 
Soil Depth “ " 
8 15 22 36 50 ^ 78 92 106 120 
S ? 0 2 丨 。 』 。 』 0 0� G.。376」�
III 22.7 U� 0；0� 0�0� 0�0� 0.0 iS； 
VAl o 7 . 0 . 0 0 . 0 0 . 0 0 . 0 2 3 . 4 1 2 . 8 
拟 . . 3 2 . 5 1 0 2 6 105.4 178.1 299.6 333.^ 
I I nO.O 0 . 0 0 . 0 100 .7 0 . 0 0 . 0 0 . 0 
0 n n 532 0 0.0 32.8 0.0 
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
“ “ … … 4 0 . 3 36.8 38.6 化 7 
y n� 0� _� 0.0� 4�. 58.^ 72.1 36.2 0.0 40.3 48.8 
VA2 . • 45.5 236.5 87.8 230.2 328.8 
J .n M 0.0 101.8 0.0 0.0 0.0 
. 0.0 . 0.0 0,0 0.0 0.0 0.0 
0 0 丨“ . 0 . 0 0.0 0.0 0.0 0.0 0.0 
.� .� 7�.� 0.0� 0_0� 0.0 33.8 
- - . . 
。 二 0,0� n� „.„� s:s !：! !：! 
iiu y.U 0 0 
III 0 0 ^5.8 30.3� U；! 30.5 ^9.5 26.9 
CI 20 51；2 3 1 8 7 518.8 380.0 5 J U n u l l u 3 二� m . O 二 
. Z ？ , 丄 0 320.0 450.0 5 ： 
, • . 287.6 400.0 522.0 596.0 610.0 470.0 712.0 700.0 
,• 9 • 丨 。 , ( . ? 。0 0 0.0 160.0 380.0 613.0 620.0 
. . • 6 . 67.0 70.0 195.0 63.0 91.0 107.0 
。300 33.7 18.3 10.7 0.0 34.0 20.0 56.7 22.3 81 4 83 9 
L ' H " 8 . 0 6 3 0 520.0 538.0 370.0 370；0 60 ： 6 .. 
2 . . . 0 620.0 424.0 300.0 400.0 590.0 700.0 
. • . . ‘ 9 . 750.0 660.0 430.0 620.0 690.0 
” . 1 . 3 450.0 691.0 706.0 670.0 680.0 712.0 
. 7 . 8 . 0.0 79.0 63.0 225.0 0.0 83.0 66.0 
GAl • • 0.0 11.5 20.4 32.6 0.0 27.4 57.0 
GAl . . .0 0.0 0.0 0.0 0.0 0.0 
. 7 • , , • 0.0 0.0 0.0 
7 7 . 5 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
205 22.8 5.0 5.2 27.5 0.0 0.0 0.0 0 0 0 0 
0 19.3 0.0 0.0 0.0 0.0 U ： 
- GA2 0 U 0.0 59.3 40.8 0.0 0.0 0.0 0 0 
0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 
0.0 0,0 0.0 0.0 S : S S : S 
liu 0.0 0 0 n n n n 
205 9.7 0.0 0.0 U 5.6 . 0.0 U 0 0 0 0 
, 300 6.5 0.0 4.0 0.0 0.0 2 ' 0 
G真3 20 222.9� ⑶ U 707.5 910.0 897.0 _ 56 : 66 ： 81 0 
8 . 408 4 523.0 930.0 1019.0 1039.0 870 .0 800 .0 909 0 /lo'.o 
z� ⑴ . 0� 610.0 7 5 U 886.0 750.0 860.0 907.0 916.0 
iiJ 0.0 0.0 3/0.0 705.0 1060.0 790.0 919 0 690 0 
0.0 0.0 50.0 33.0 193.0 0.0 0.0 0 0 . 
。， 0 0.0 17.0 0.0 0.0 33.0 54.0 107.0 3 . 
GA4 I I U 258 9 U U 520.0 580.0 568.0 567.0 3 ； 
. 2 5 • 511.5� _ . 。 632.0 811.0 812.0 700.0 690 
• • 0 0 370 0 699.0 817.0 m . O M O . O 768,0 6 
• 0.0 0.0 0.0 320.2 569.0 320.0 720.0 U U 570.0 
3^0 2?:丨 12.3 2 U 32.3 3 5 . 6 』 : 丨 二� 1丨丨�j 2 丨;：》 
A P ^ N D I X ^ Total Nitrigen ( T N ) of t h e soil leachate s a m p l e s 
^ ~ W 0 “ “ 
8 15 22 36 50 “ 78 92 m 120 
VF 5? 2!!：! . 5 亂 2 隐 ] 5 . . 0 
20?� 1?：! l u 3； ； ,5 2 丨？。。^ 丨 2 8 3 
VAl 2? l!'! t!.!丨卜。3 32.5 丨;：；丨【j ； .�
/ F _ H . _ / ？^? 1 5 U 2 6 8 . 6 25 F：� JJ'J F/_� H 5.5 10.1 8.2 167.4 5.3 U 3 6 
� “ d ！ 
拟 丨丨.丨丨丨.丨 11 i:丨丨丨：丨丨丨：丨丨丨：丨丨丨：丨 
‘ . 1� •� 1�.� . 7 9 ! 156.0 193./ 250.0 2/9.2 
2 丨 ： 丨 1丨 ： 丨 丨 丨 . .� ^.a�
11 5 • V) , V l 认.1 52.3 5 U 61.1 
iX 32.5 9.7 13 1 8 /, 5 3 / J 
- - l l ： ! ； 丨 ： 丨 i f ： ? 赵 品 1 � : 丨 1 8 丨 ： ？ 2丄； 
2 ' ? 1593；9 “ U 13 3 fJ-J 25.3 
GI i � m ： ! nit! 
H J . 2 1 0 S 3 A 852.2 939 .3 709 9 • ^ ' . 
I • 183.9 923.2 9 U . 8 633.4 771 .2 8 . 4 • 
. 2 5 2 . 2 405 3 3 2 6 8 m A 596.3 U U m：! ？f/： 
•� •� . 2 . • 1.0 45.0 21.0 U.8 86.4 
nn . . 八6 3.4 4.3 7.9 8.8 7.9 9 3 9 4 n 1 19 c 
GF jj^ri ！}U 1227.1 U 9 1 . 9 1085 . 7 798 80 91 ； 13 • m l 
0 H U ^1009.9 1202.2 1319.7 1181./ 700.6 757 . • 
, 2 2 5 . 1 805.8 1002.5 1080.2 1052.3 891.5 885：1 ： ： ； 
13 • n u 83 1 1019.2 1021.^ 929.3 882.8 826.8 856.3 890；? 
.� .� . 1� . 'S 138.0 166.7 180.4 259.6 
m 90 r • • J . 4 11.1 12.1 13.2 2/.0 26.3 16.9 
G M • r ' • 2 • 63.8 U 2 . 6 372.7 604.6 839.2 M 8 . 7 
• 1 . . . . 32.3 60.3 88.5 124.2 
0 1 ' • U . . l A 6.5 13.6 11.7 10.7 
. 0 ’ r I P 5.7 9.6 10.0 9.9 
GA2 II ly •！ _F/F __ /111 uI.S 
1 • n • . 1 . 见 5 211.3 270.6 298.9 
0 T 12.5 3.8 7 . 5.8 10.9 28.9 51.3 91.5 
i 1:1 丨：丨丨：丨 i i i 丨：丨 i i ？ 1 l i !：« 
“ i i：! i :丨i：! i：? 1丨丨丨：丨丨丨丨丨：丨1丨丨丨：丨丨丨丨：丨丨丨丨：丨1 
0 2 . 5 9 U . 12 . 1185.丨 12J3.4 1151.2 m u 1053. 1 1017 .6 
20? 3：3 10. }]：? 2U，：； Z i 
GA 丨 『 9 丄 } 1 ：； 1213：! 溫 ; s J I ： ! 1 旧 』 ： 丨 1思 1 
1� . 829 5 9/2 6 11/7.0 12/5.6 998.9 912.8 9 1 U 9 ： ： 
I� 1�.� .4 257. 5 975 .5 1 0 U . 6 1103.7 9 U . 1 934. 1 9/2.2 980 1 
. 1 2 . 4 26 7 282 8 835.8 903.8 734.7 863.6 919.1 8?：； 
•� “� _� .� n , 47.3 63.5 167.2 182.0 3 1 U 
• 通 0.0 2.0 5.8 12.1 9.1 25.2 49.4 85.1 99.3 101.1 
• • • V 1 1 1 
A m m o n i u m nitrogen ( N H 4 - N ) of t h e soil leachate s a m p l e s 
_ S。丨1 ？ep〔h Da; 
8 1 5 2 2 3 6 5 0 6 4 7 8 9 2 1 0 6 1 2 0 
S?0 2 、 |：1� ^ U “9.5 13.3 I 2 
2 0 5 0 . 7 0 . 5 0 . 5 0 . 9 1 . 2 0 3 . . 
m� 。 ？1� M ！ F / _� 1.0 0.5 U 1:1 ： 
7� .� .� .� ”� I M 15 .2 83.9 61.2 190./7 
• . . . 2.6 99.2 ( M 1.0 0.60 
0 5 . 2 1 . 5 1 . 5 • H I 2 2 . 2 0 . 8 3 2 . 0 4 . 9 1 
。 ？ S - ；� M� l.i� 0：5 2：2 ： ： .� 7� .� .� . 3丨.i 86.6 168.7 193.4 218.52 
u.z 1./ 0.4 3.5 .0 135 4 0 1 1 t; 1 ID 
0 。.丨？'J� 。.3 f.3 0.7 10.! 0^.1 I] 2)：： 
1 0� .� , ,� . 3.0 1.5 0.5 0.8 1.0 1.48 
. ‘ . “ H “ 1.3 0.82 
VA3� 。 3.2 2。:？ ？；9 ： ：� U ： ？•？ 15)9^ 2^  
si 11 '丨:i ii - i:i 丨：丨 
“ I i ip ' 1 1 1 1 1 1 1 ill 
F . 111.6 亂 8 740.6 601.8 694,2 760.6 6 • . 
• 121 8 180 0 292 1 4/1.9 558.5 538；6 ：22：)� l u M�
〈 3 1 、 0.3 0.4 0.6 0.4 0.6 0.6 2 6 2 95 
GF iP ,]•{ 
• 溫 • ； 思 ⑴ S'l ⑶.6 I9U mil 
0 1 . • ‘ • . . .2 7 8 。 」 5 8 3 . 5 710.1 882.60 
9 • 6 / 5 61 9 55 • 6 0 6 3 800.5 669.9 736.5 820.10 
‘ • . . 2 • 3 . 102.8 110.8 m . 2 231 .10 
m r 9 ？' ？' ,0.2 0.8 0.8 0.6 0.8 2.0 2.04 
. . • 52.0 162.7 307.8 299.3 222.62 
48.3 0. 1 1.1 0.5 5.7 0 5 0 7 i 1 1 n 
0� 』 1 366.2 0.5 M 0.7 0:6 0.'2 U 1 1 I M 
iiy I d 1.8 1.4 0 0 ” 
205 OA 0.2 0.0 0.0 0.2 0 1 0 7 0 2 0 n ,, 
300 0.1 0.1 0.0 0.7 0 0 0 • • 
20 l U 3 U 35.1 93.8 12： 15?：? 2ol：! I 2 I . I 
； ： 丨 丨 p M tS K M 
- 0 . J S：? 1 S：] M 
- 33 - 二� lOOO SO：^ uS:; 
0巧 8 3 3 . 3 7 3 4 . 5 7 2 5 . 8 1 1 0 1 . 1 1 0 7 . 6 9 4 1 . 7 9 6 0 . 4 7 8 0 8 1 0 6 4 9 0 
0� ” . 肌 ' “ 3 ‘ 6 p U 1 0 6 U 1058.3 l o o l i 8 0 T 3 961； 
•� flA� . « / 1103.9 1063.0 8 6 U 966. 55 
• ‘ _ . . 1 . 3 1 . 4 “ . 2 1 2 6 . 5 4 
7。【1 0.2 . 0 U 8 . 3 5 
8f.。_F  二 85^9 IIU 7821 _ ：]� foO：' ？2U Jlsilo 
0 • 2 • 1 . . . 1 0 . 3 8 7 9 . 2 8 0 3 . 8 7 2 0 . 0 8 6 0 . 1 5 
l i 13.2 12 5 573.1 7/6.1 691. 1 808.3 732.3 623.09 
• , , • , , 1 . 8 6 . 0 1 2 7 . 1 1 2 5 . 1 2 2 5 . 2 7 
屬 0 . 3 0 . 1 0 . 1 0 . 1 0 . 3 0 . 3 6 . 1 4 0 . 8 6 2 . 2 5 7 . 8 2 
ix 
N i t r a t e n i t r o g e n ( N O 3 - N ) o f t h e s o i l l e a c h a t e s a m p l e s 
Soil Depth Da/ 
卜） 8 15 22 36 50 (A n n m 1 2 0 
^ ^ u u~~ITT" 7^2 ； ; ; ^ ~ — 
0.0 20.6 lU 10.8 i� 1 . 丨 . 
0� .� l.l 8、 1 . 0 3々  1.8 0.0 5；? 
20? LI U ； ； 59 M T? Ys 
- I f 0:0 A I：? 1.1 ？ 1 � ？ 1:1 1 
0.0 3.7 7.5 .6 2.3 2 8 0 1 “ i ； 
； 5 . 1 l U 2.2� 0；! ； ！ : i� I j ； 
, , 2 . 1.2 39.9 0.0 6.7 40.9 
, 3 2 O 0.8 U ： 3.5 丨；1 35 2.0 .3 U 
VA2 20 0.0 6.0 20.6 2.5 ；� i�.� .� .�
0.0 3.2 9.6 3.2 0.0 3 • • . 
二� 1 1 1 lU� l U llA m 22.1� 1 ； 2 ： 2 ；� •�
20? 0.0 I I U 0. ？ 3 M . . 
300 2.5 2.3 U 0.0 5 3 . . 
犯 ？ g� I'l {•] J.2 U 5.0 “li� I：] 
47.9 1.2 4.3 2 .6 9.5 ^ 
5 “ n 6.0 10.0 11 .3 2.1 2.0 1.0 7.9 2 6 
0.0 lA 2.1 0.9 4.0 17.0 U 3 " 
GI 0.4 21 .5 90. 1 7.1 17.0 4.0 1 1 . J ' u 
48.3 伙 1 10.9 19.8 9.9 ： 3 1 . 
: . i l l ？” 27 .0 22 ,3 12.8 18；8 ： 2： 
. 1 . 1 . 1 . ？ ? 2 5 . 8 9./ 38.2 26.5 28.0 
. 1 ‘ , . . 1 . “ 13.6 21.8 12.3 19.8 
jOO 0.6 15.8 15.4 4. 5 9.2 0.1 11 2 1 1 1 u 0 10 <； GF 20 l U 21.0 1 9 U 48.0 21.6 ； ；� .� •�
• ？0.3 20.0 8.3 15.0 l u ；5.1� 4 ： 
0 • . . • H 38 .2 12.9 l U 25. 5 25 .0 
• 2 . 3 . 35.7 12.4 28.6 22.9 27.5 
• . ‘ . .5 0.2 12.1 15.3 18.4 27.2 
jOO 0.3 1.1 6.3 2.8 5.0 1.6 3 5 l fi a a 7 / 
GAl \l I'l 2 5 U 25.4 sl.l 135.3 2 : 1 m l� U ； 
.� .� .� . 5.9 1/.8 26.0 35.4 0.0 119.9 
n • 7.0 5.1 11 5.1 6.6 6.2 1.7 ll.l 10.3 
3.3 7.9 12 0 10 2 
205 U 0.3 0.2 0.3 1.0 1.8 ； 5.I 4 1 
GA2� 。 • ？ ？ j . f 0.5 1/.9 0.9 0.7 ；：} S；； 
• . _ . „ , 1 2 2 . 0 1 3 3 . 6 U 2 . 5 “ 2 . 1 1 1 1 , 2 
• _ • . .3 32.2 104.8 152.3 203.7 224.1 
, • 2.7 2.0 • 2.2 U 9.6 21.8 47,8 80.6 
2.3 6.3 3.1 1.8 4.3 4 1 1 1 6 9 1 
205 0.0 U 0.5 0.3 0.4 0 9 ；� 0� .�
GA3 r ？ V • ！ •？ 1.2。A。� 0.1 0.3� 0：2 0.1 U 
GA3 20 3.9 21.6 31.7 20,8 7.6 8.9 9.8 16.5 25 3 
.5 I I I 29.4 U . 5 24.7 13.3 8.7 10 ： 
. 2 0 . 8 19 9 16.8 2 U U . 7 U . 5 13,0 20:2 17:1 
110 1.2 37.2 21.5 18.4 22 8 17 7 9Q 1 1 0 9 
205 0.0 0.9 1.8 2.2 1 1 ；� g • _ 
300 0.0 0.9 1.2 1.0 2.0 . 8 . 
II {�； 2 ^ 2 U . 3 17.1 3.9 M� I ；� 1 ； ； 
0� 1.1 30.2 29.2 35.3 14.1 11.2 8.9 14 4 ‘ 
0 I 1:1 i:^  fd Jl；? 
"0� 0：^ 1.3 u� I：] u 1:1 hi 1:5 丨：丨丨丨:i�
X 
T o t a l p h o s p h o r u s ( T P ) o f t h e s o i l l e a c h a t e s a m p l e s 
Soil Depth Daj — 
8 15 22 36 50 78 92 • 120 
VF 1 1 0：?! O . U 3 . ” 3.71 . . U O J . . 
0 Si; S：- � 0.. 
0.10� O.ll 0.20 M 8 0.11 ；� .� •�
- fi 丨：丨丨f:|i ?：；! ？.11 sii ？; 
；^� . A� i 丄 1 2 . 2 1 6. 7 2.6 68.47 0 79 n fn n 
0� 。.75 0.^5 0.5J G.79 57.03 0.75 ： ； ； 
⑶ . 丨 2 7 2 0 / 1 l . K 0./6 L O O 
m 3.02 U 2 丨 ： ： ： . • 丨.51 M 5 
• 20 1.^0 1.50 1.83 3.71 2:2 ： . . . 
0 1.62 2.61 1./2 4.66 2.84 8 0 7 . 
, O J ； 0.85 0.81 1 .57� 1；28� 0： ； ；� •�
VA3 R 丄 ; ! L I ] I'll ？ I F 丨：丨I 丨 丨 U 
；« l.iZ IZ.jl 6.53 6 . U 1.03 . U I 58 i u o n t�c； 
V 2 I ^sS^l 丨 18 丨 . i j 4 7 0 2 9 1 2：)! 
0 丨 ： 丨 丨 丨 ： 丨 丨 丨 ： 丨 丨 丨 ： 丨 丨 丨 ： 丨 丨 ： 丨 丨 2 1 0 丨 丨 丨 3 . 3 7 
3§0 0 . . 2.59 2 3 : 1 』 丨 . 0 0 0 . . . . . . 1 . 
CI 1 肚 阳 ！ ！� f� -0.0^  0.8^  26.81 22.21 3 ； 2 • 8 • 21 • 
0 .13 M 2 8 .80 1.67 5.82 0 .6 • • . 
0.01 0.04 0.02 0.10 0.05 0 • . _ 
^ 働 0.02 0.05 0.03 0. 15 0.05 0.07 • . 
GF ^7.10 126.69 126.53 171.47 100.21 5 9 12 2 201 22 • 
W i l ；i 于7 1?化6 80.25 1 0 / 9 2 65.03 2|3：00 U U ^ l l u i ： 
？U H . 2 0 1 6 . W 13.77 2 .32 30.33 19.67 11 19 21 f>9 U U 97 n 
0.05 9.49 3.35 7.2。 12.46 ： • ‘ ^ ‘ 
0.11 0 02 0.01 0.07 0.02 0 ； 0 ： ； ； ； 
•� •� •� =� 0.04� 0.00� 0.60 0.12 0 0 
入�1 补 0.18 0.59 0.10 0.U 0.04 0.09 0 79 0 47 (Ml 
0 .31 0 .75 0 .10 0 .04 0 .05 0 7 . 3 • 
0 ？i! 0.32 0.09� 。』3 0.06 0.'03 I'll ul ^ 
il? 0.33 2.12 0.14 0 93 ( M l 
0.28 0.63 0.18 0.17 OM 0.36 0 ' 0 0 13 
… 0 0 .18 0 .35 0 .21 1.10 0 .20 0 .40 0 . . 
GA2 H ? 0.11 0.10 0.40 ； • . 
• ？•！S H i y j 0.03 0.03 U O S J I S： 
• 0.65 0.17 . m 0.11 0.09 0.49 0.23 0.35 
JJJ 0.43 0.08 0.3 0.04 0.05 0 60 0 43 0 69 
0.09 0 .25 0 .00 0 .03 0 .02 0 .09 , . 
…， JO 0.^0 0 .23 0 .15 0 .21 0 .21 0 ./2 • • 
GA3 51.21 80.62 62.00 U . 1 9 74,29 78.3 8 82 105 U ' 
H I 2 U 3 1 9 9 9 16 03 8.61 2：11 S . n ^22：!! T u 
0 • . • 1 • .23 1.08 1.93 2.21 2.09 
• . • . 74 2M 0 .98 2.^9 1.74 16.20 
肌 0.35 O . U 0.19 0. 0 0.6 0.22 0 16 1 60 0 9? n�T； 
严 0.54 0. 12 0.11 0.08 0.11 ： 0 ‘ 0 
G M 0.56 5 1 0 9 8 1 2 9 U 8 8 2 . H 认“ 8.^8 79.52 m ' l L U 
n . 1 . i . . 16.79 22.87 6.26 9 . M U M ‘ 
0. 50 0.31 1.30 . 67 . 72 2. 95 2 19 2 67 /, i? n n 
I I I 0 .23 0 .38 1.21 1.60 u ! 丨: j]：!^ 
• , „ • •� ⑶ 0.19 0.78 0.33 0.20 0.20 
川0 0.13 0.13 0.13 0.06 0.09 0.05 0.14 0.09 0.10 
xi 
A P _ P E _ N D I X _ 1 2 P h o s p h a t e p h o s p h o r u s ( P O 4-P) o f t h e s o i l l e a c h a t e s a m p l e s 
Soil Depth Daj ^ 
(〔•") 8 15 22 36 50 64 78 92 106 120 
VP 20 0.05 0.39 U2 0. 78 n 19 0 冗 
50 0.05 6.20 0.55 0.00 0.01 0.00 1 n 
0 7.03 0.04 0.11 0.00 0.01 29.55 0 0 
0.08 0.03 0.01 0 
0.05 0.02 0.10 0.02 0.05 0.03 0.01 0 06 0 
0 0.03 0 06 0 04 0 0^ 0.03 0.04 0.02 0.01 I'll 
似 . • • . 1 - 8 ' . 0 . 1 0 0 . 0 1 0 . 2 1 0 . 2 6 0 . 1 0 
J 0.99 1.24 1./6 1.40 41.38 0 48 
0 O./iO 0.53 0.59 0.55 45.82 0.87 0 99 
, , , 0.07 0.39 0.34 0.51 0.49 
。 溫 2.50 1.33 丨 2 . 1 6 M O 丨 : 丨� f 丨 。 - 。 7�
I I 丨 0 . 9 7 U 9 2 .19 U 1 O . U O . 'u V l l u l 0 .09 
I.02 1.84 2.59 0.59 60.69 0 11 0 Ifi 1 ao 
Z� 0.6； 0.85 0. 55 0.92 0.59� 0；59� 0：26� 0；33 ； 
” A� . ？‘？! 0.51 0.34 0.30 0.31 0.77 0.39 
. . , “ • 0 . 6 7 0 . 1 1 0 . 3 6 0 . 2 1 
谓� 0.“� 1.11 1.12 1.54 0.79 1 21 n n 
VA3 20 U 9 5.07 4.05 2.26 0.43 0.09 0.17 0.03 ；� •�
• 丨 H 》 1 .� “� 1.60� 0.01� O.ll� 0 0�
3 . U 0.24 5.11 0.76 4.54 3 78 
H O 0.66 0. 14 0.38 0.49 0. 58 1 55 
255 0.72 0.52 0.18 0.16 0.20 0.35 0.33 0 30 n 0 1 . 5 0 1 . 4 5 2 . A 8 0 . 9 6 0 . 2 7 0 .29 . 
GI 9. 52 63. 66 92 . 76 50.61 67 .83 77.25 157 . “ 30. 15 160 
1.1。 54.84 38.68 0.26 ^5.02 52.00 115.20 1 5 
0 I'll 0.35 1 2 . U 0.81 4.52 0.52 0.28 1. • 
0.02 0.03 1.81 0.09 0.01 0.11 0.43 0.18 0.0 
I ' l l 0 .01 0 .01 0 .01 0 .02 0 .01 0 .10 0 .01 0 .03 0 : 0 
JJO 0.01 0.01 0.02 0.02 0.01 0.00 0.00 0.00 0.02 0 01 
GF� 。 ^2.22 85.12 82.16 108.94 69.52 U . 9 1 89.69 85.27 151 1 7 . 
0 .00 86.73 62 .03 73.25 67 .70 169.90 6 0 . U 107.58 
, ' 5 8.56 3.88 0.99 16.28 1 3 . U 1.27 2.00 22.86 12.02 
0.20 3.06 1.85 0.38 3.55 3.71 ( U 3 0.48 0.33 0 25 
^OJI 0 . 0 0 0 . 0 1 0 . 0 1 0 . 0 0 0 . 0 1 0 . 0 0 0 . 0 0 0 , 0 2 o . ' o i 
0 .0 .0 0.13 0.03 0.01 0.01 0.00 0.01 0.05 0.01 
M l 0 0.05 0.02 0.02 0.00 0.02 0.00 0.01 0 11 0 01 
I I 0 . 2 5 0 . 0 2 0 . 0 0 0 . 0 0 0 . 0 2 0 . 0 0 0 . 0 2 0 . 0 6 O'.OO 
80 0.05 0.34 0.02 0.02 0.00 0.00 0.00 0 03 
110 0.54 0.01 0.02 _ 
III H ! 0.10 0.17 0.05 0.01 0.00 0.10 0.00 0.05 0.00 
m ，� J.04� 。.04� 0.1。� 0.0/� 0.17 0.03 0.00 0.00 0.08 0.01 
0 0.0 0.02 0.02 0.05 0.00 0.00 0.00 0.09 0.01 
J 0 .01 0 .02 0 .00 0 .01 0 .00 0 .00 0 .00 0.07 0 .00 
, 5. 0.06 0.20 0.25 0.00 0.00 0.00 0.00 0.04 0.00 
J I'll , , , 0.03 0.07 0.00 0.01 0.00 0.12 0.04 
5 0.02 0.02 0.03 0.00 0.00 O.OI 0.00 0.00 0.02 0.00 
300 0.03 0.02 0.19 0.00 0.13 0.00 0.03 0 02 0 02 
GA3 20 23.55 52.54 58.32 55.91 6 8 . U 7 6 8 ： 123 
50 0.54 4.26 5.08 11.62 1.91 0.^7 0.33 0.50 11： 77 22 65 ’ 
0 . 3 3 1 . 4 8 1 . 8 1 0 . 1 2 0 . 0 2 0 . 2 7 0 . 1 8 0 . 1 2 0 . 1 9 0 . 1 7 
110 0.09 0.05 0.44 0,08 0.12 0.12 2 52 
205 0.07 0.01 0.01 0.01 0.02 0.02 O.OI 0.05 0.01 
5 0 .02 0 .01 0 .01 0 .01 0 .01 0 .03 0 .03 0 :00 
GA4 . 9.45 29.56 0.53 M . 3 0 45.83 0.^2 68.75 66.32 0.80 
0 S.04 4.55 7 . U 0.94 0.87 U 7 10.58 1.49 2.66 
80 0.02 0,03 0.23 0.17 0.11 0.16 0.20 0.21 0.34 1 93 
IJO 0.04 0.01 0.10 0.03 0.09 0.06 0.08 0.08 0.10 1:60 。� I'll� ,�,,� 0.04� 0.00� 0.01� 0.00 0.02 0.00 
300 0.05 0.02 0.03 0.02 0.00 0.00 0.01 0.03 0.02 0.00 
xii 
M P E N D I X 1 3 C h e m i c a l c o m p o s i t i o n o f s l u r r y m o n i t o r e d 
S A M P L E C O L L E C T E D A T T H E O U T L E T O F P I G S T I L E A F T E R S C R E E N I N G U N L E S S O T H E R W I S E S T A T E D 
Ti«e pH SP COND TIC TOC TC BOD E. Coli TN N03-N TP 
(day) uS 25C ppn ppm ppm ppn (100 nl) ppn ppm p p , pp„ pp„ 
1 U 2636 .4 16^.0 645.0 809.0 829.0 5 U . 0 7. 5 74.00 
1 6 』 9 讯 . 纟 2022.5 826.0 59.6 35.5/ 113.68 
6 』 8 8 M . 0 10666 .4 5.20E+08 1380.0 684.0 25.0 571.50 687.2/i 
U 5 U 3 . 8 l.2Um 1415.9 1040.0 151.4 106.80 262.8/ 
28 丨 1 編 5130.0 1.58E+08 1156.6 786.0 52.6 115.20 178.52 
9/92.0 59.0 500.0 559.0 8834.6 1.18Ef08 1860.4 1060.4 56.8 256.32 390.28 
8.2 6200.0 379.0 1042.0 U 2 1 . 0 4549.8 2.82B+08 1186.9 692.9 13.3 152.34 188.55 
49 8.4 5600.0 280.0 2290.0 2570.0 3617.3 2.40E+08 1075.2 574.6 21.4 77.29 182.82 
56 7.2 5600.0 270.0 2920.0 3190.0 U 8 9 . 9 3.64E+08 995.1 698.7 22.7 67.64 176.07 
63 5.9 2860.0 96.0 1268.0 1364.0 m . l l . l 2 E m 354.1 172.6 3.2 10.08 95./6 
70 8.2 7750.0 240.0 2390.0 2630.0 3929.8 2 . M E + 0 8 983.2 6/10.0 48 .2 9 5 . U 267 .49 
11 “00.0 0.0 2400.0 2400.0 4459.8 [ . U i m '730.3 420.0 26.9 1 4 8 . 6 6 280.34 
6.8 6 7 5 8 J 0.0 2270.0 2270.0 3570.0 4.20B+07 6^5.1 321.0 13.2 156.82 188.17 
7.6 7829.2 0 . 0 2110.0 2110.0 4909.8 l.lOE+08 1059.5 698.2 28 .2 138.82 170.21 
98 7.4 8295.0 470.0 2720.0 3190.0 5689.9 7.20B+0? 1180.1 823.9 132.0 199.2/, 256.50 
105 8 9712.5 470.0 3540.0 4010.0 6289.9 8.20E+07 1584.5 1005.2 18/.0 226.64 308.19 
112 7.6 3937.5 0.0 2730.0 2730.0 3^53.8 3.70E+07 m . l 781.8 99.3 173.54 256. 
119 8.3 8580.0 280.0 3320.0 3600.0 5592.2 1.12E+07 1630.3 1028.5 248.0 273.30 352.61 
No. count 18 18 U 14 U 16 16 18 18 18 18 17 
Maiinun 8.4 9792.0 470.0 35«0.0 4010.0 10666.4 5.20B+08 2022.5 1060.4 248.0 571.5 687.2 
Mininmn 5.9 2636.4 0.0 500.0 559.0 2 U 9 . 7 1.12E+0/ 354. 1 172.6 3.2 10.1 95.8 
Mean l A 6868.9 193./. 2153.2 2 3 U . 6 5185.4 1.71B+08 1207.4 710.8 66.5 160.0 256.2 
S t d . d e T . 0.1 2218.7 166.6 9 U . 3 981.4 2018.3 1.32E+08 ^23.6 239.8 67.7 122.0 132.2 
• • • 
X l l l 
APP_EJiDIX___14 Soil chemical properties of five columns after experiment 
a) CI c o l 讓 b ) GF co l u m n 
" W P H C ^ r i F 、 严 T P — Depth pH G o o d . " " ^ o T " T ^ 
(U S ) ( P P— W ( P P— M ( u s ) ( p p . ) ( p p . ) ( p p , ) 
5 7.66 200 10862 m 110 5 ^ ^ ^ ~ 
• 2 2 2 5 11009 868 121 1 7 9 2 
7 . 7 3 230 18176 918 252 g n oS 《？ 
150 1 8 4 0 0 1769 1304 • 
di 60? ！S溫 5 . 蹈 I I I ；丨丨丨丨恐 
丨•丨丨丨丨丨K丨丨丨1丨丨 丨：丨丨丨丨丨拙 
} }丨：丨丨丨丨丨丨丨丨丨丨丨丨 H 
5 丨 i 丨：丨丨丨丨丨丨丨丨丨丨丨丨F 
180 5 . l l 丨 丨 丨 丨 . 丨 丨 I I I 溫 5 8 8 25 
210 A 09 A"； Q n n -311 00 (^JiJ 4 9 3 0 4 6 3 25 
5.25 9 9 3 ^ 3 2 2 39 2 8 0 H s ! '溫'2II ^ 
c) G A 3 c o l u r n d ) G “ co l u a m 
W P H Cond TOC TN TP Depth pH Cond. TOC TN TP , 
(c")� ⑷(PP') (PP°) (PP«) M (us) (ppB) (pp„) (PPB) 
丨 ： 丨 丨 - 丨 丨 丨 丨 溫 H I _ 
7.39 2 9 9 7639 700 854 7 
45 7 . 7 5 175 7077 588 3 2 0 . 
55 7.92 U 5 6 1 0 1 509 2 1 9 • 
8 . U 139 5937 U / 1 7 
, 5 8 . 2 4 111 6 1 3 1 4 7 9 117 _ 
丨.丨丨{丨丨丨丨丨丨丨丨丨丨丨丨 1 ：5 12?丨丨丨丨丨丨丨 
7 1 0 . 98 4954 4 3 7 106 
{ } 丨：丨丨1丨丨丨丨丨丨S 
i 。 ？ b l ^ J0IO 2 6 3 113 80 6 01 S8 o u m o 
230 6 . 0 2 65 56 8 2 2 1 7 113 3 0 T ? 0 
260 6 . 2 3 58 48 2 8 2 2 2 ' 
• 54 5411 107 I I I 丨 : 丨 丨 丨 丨 丨 丨 丨 丨 丨 丨 丨 1 0 3 
e ) VAl c o l u n n 
D p t h pH C o n d . T O C T N T P 
M ( " S ) (ppm) (ppn) (ppm) 
5 7 .78 170 4 8 7 1 4 5 9 547 
10 7.85 108 5506 3 9 3 4 7 1 
15 1.12 100 4 8 0 1 374 395 
20 7.34 102 5 1 0 8 4 0 1 4 1 0 
30 6.17 38 4 7 9 0 U k 3 7 9 
45 6 . 0 2 29 5285 2 8 7 4 26 
55 5 . 9 9 20 48 2 5 2 5 0 408 
67 6 . 0 8 2 2 . 5 4 4 3 8 2 8 2 
85 5 . 8 9 28 5551 281 m 
100 5 . 8 3 29 5362 2 8 1 • 
120 5 . 8 ^ 31 5085 278 4 0 3 • 
1^0 5 . 8 9 21 4 9 5 2 2 4 7 391 
160 6.1 2 4 . 5 4 9 8 9 271 
180 5 .9/ 22 4 8 6 9 2 6 0 405 
230 6 . 0 9 21 . 5 4 9 0 5 2/i8 3 8 9 
260 6 . H 22 4 / 7 3 246 3 9 5 
280 6.16 21.5 kill 268 _ 
x i V 
Infiltration rate of ten columns 
T i m e (d) VF V A l VA2 VA3 GI GF G A l GA2 GA3 GA4 
5 2 . 7 4 4 5 0 . 8 4 8 8 1 . 1 1 7 6 1 . 7 6 8 4 4 . 2 4 4 1 1 3 . 0 1 5 3 1 . 5 8 4 5 3 . 7 6 3 1 9.0541 4.5271 
7 1.8674 0 . 2 8 2 9 0 . 6 5 7 8 1.3086 4 . 1 8 7 5 1 1 . 6 0 0 6 1 . 2 1 6 6 2 . 8 0 1 1 9.0541 4.5271 
8 1 . 6 2 2 2 0 . 3 2 0 7 0 . 9 1 0 1 0 . 9 6 6 7 4.2064 1 2 . 0 7 2 2 1 . 3 7 7 0 2 . 5 2 7 6 9.0541 4 . 5 2 7 1 
9 1 . 3 5 8 1 0 . 2 4 0 5 0 . 8 5 2 4 0 . 7 9 5 8 4 . 2 1 5 8 1 1 . 6 0 0 6 1.1742 2 . 3 4 8 4 8 . 8 4 1 9 4.5271 
10 1 . 1 2 0 4 0 . 2 4 9 0 0 . 6 7 0 6 0 . 6 3 6 6 4 . 2 1 0 2 1 1 . 1 1 3 9 1 . 0 4 1 2 2 . 0 3 7 2 8 . 1 2 6 1 4 . 3 9 1 3 
11 1 . 1 2 2 3 0 . 2 5 4 6 0 . 6 0 6 0 0 . 5 7 7 7 4.2064 1 0 . 7 8 9 5 0 . 9 6 2 0 1 . 8 8 6 3 7 . 2 4 3 3 3 . 9 4 2 3 
12 1 . 0 9 9 4 0 . 3 3 1 4 0 . 6 0 8 3 0 . 5 5 9 8 4 . 2 0 3 7 1 0 . 9 2 1 5 0 . 9 0 5 4 1 . 7 5 4 2 7 . 4 9 3 9 4 . 0 1 7 8 
13 0 . 8 1 2 4 0 . 2 6 6 8 0 . 4 6 4 8 0 . 3 0 7 2 4.1956 1 0 . 0 7 2 7 0 . 6 7 9 1 1 . 3 1 3 7 6.9846 3 . 9 6 9 3 
14 0 . 7 0 3 3 0 . 3 4 7 6 0 . 4 5 2 7 0 . 2 6 6 8 U 8 7 5 9.8140 0 . 5 5 7 8 1 . 1 7 2 2 5 . 8 9 3 3 3 . 6 2 9 7 . 
15 0 . 7 4 3 7 0 . 3 1 5 3 0 . 2 6 6 8 0 . 2 9 9 1 4.1714 9 . 1 8 3 5 0 . 4 2 0 4 1 . 0 1 8 6 5 . 8 7 7 1 3 . 6 2 1 7 
16 0 . 7 4 3 7 0 . 3 5 5 7 0 . 2 3 4 4 0 . 2 9 9 1 4 . 1 3 0 9 8 . 5 3 6 7 0 . 4 2 0 4 0 . 8 4 0 7 5 . 2 0 6 1 3 , 3 9 5 3 
n 0 . 8 0 8 4 0 . 3 3 1 4 0 . 2 6 6 8 0 . 3 6 3 8 4 . 1 1 4 8 7 . 7 1 2 2 0 . 4 2 8 5 0 . 8 0 8 4 4.6402 3.0800 
18 0 . 7 2 7 6 0 . 2 9 9 1 0 . 2 7 4 9 0 . 3 5 5 7 3 . 9 5 3 1 7 . 1 5 4 4 0 . 3 0 7 2 0 . 7 2 7 6 4 . 3 7 3 5 3 . 0 1 5 3 
19 0 . 7 1 9 5 0 . 2 2 6 4 0 . 2 5 8 7 0 . 3 3 9 5 3 . 9 3 6 9 6 . 1 8 4 3 0 . 2 8 2 9 0 . 6 3 0 6 3 . 2 6 6 0 2 . 5 3 8 4 
20 0 . 6 5 4 8 0 . 2 1 0 2 0 . 2 5 8 7 0 . 3 7 9 9 3 . 9 1 2 7 6 . 1 0 3 5 0 . 2 9 9 1 0 . 5 7 4 0 2 . 6 0 3 1 1 . 9 8 0 6 
21 0 . 6 8 7 1 0 . 1 9 4 0 0 . 2 5 8 7 0 . 3 2 3 4 3 . 5 7 3 1 5 . 7 1 5 4 0 . 3 3 9 5 0 . 5 0 9 3 2 . 5 2 2 2 1.9159 
22 0 . 5 4 9 7 0 . 2 1 0 2 0 . 2 7 4 9 0 . 2 7 4 9 3 . 5 6 5 1 5 . 4 5 6 7 0 . 2 7 4 9 0 . 3 9 6 1 2 . 5 3 0 3 1 , 9 1 5 9 
23 0 . 5 6 5 9 0 . 2 1 0 2 0 . 2 5 0 6 0 . 2 7 4 9 3 . 5 8 1 2 5 . 0 9 2 9 0 . 2 5 8 7 0 . 4 1 2 3 2 . 7 0 8 2 1.9563 
24 0 . 5 4 1 6 0 . 2 1 8 3 0 , 2 6 6 8 0 . 2 4 2 5 3 . 5 8 1 2 4 . 8 2 6 2 0 . 2 4 2 5 0 . 4 2 8 5 2 . 7 6 4 7 1 . 8 9 9 7 
25 0 . 5 0 1 2 0 . 2 1 8 3 0 . 2 4 2 5 0 . 2 4 2 5 3 . 3 7 1 0 4.2360 0 . 3 2 3 4 0 . 4 2 8 5 2 . 8 6 9 8 1.8997 
26 0 . 4 1 2 3 0 . 2 1 8 3 0 . 1 6 9 8 0 . 2 3 4 4 2 . 8 8 6 0 3 . 6 9 4 4 0 . 2 6 6 8 0 . 4 2 8 5 2 . 8 6 9 8 1 . 8 1 8 9 
27 0 . 4 1 2 3 0 . 2 1 8 3 0 . 1 9 4 0 0 . 2 1 0 2 2 . 4 8 1 8 2 . 8 8 6 0 0 . 2 5 8 7 0 . 4 2 8 5 2 . 9 9 1 1 1.8512 
28 0 . 4 4 4 6 0 . 2 1 8 3 0 . 1 8 5 9 0 . 2 1 0 2 2 . 6 1 9 2 2 . 6 9 2 0 0 . 2 8 2 9 0 . 4 3 6 5 3 . 0 3 1 5 1 . 8 1 8 9 
29 0 . 4 4 5 6 0 . 1 9 1 0 0 . 2 1 2 2 0 . 2 3 3 4 2 . 6 8 0 9 2 . 8 1 5 3 0 . 3 1 1 2 0 . 4 6 6 9 2 . 8 0 1 1 1.8745 
30 0 . 4 6 5 3 0 . 2 0 1 2 0 . 2 3 2 6 0 . 2 2 6 4 2 . 5 0 8 7 2 . 6 9 1 1 0 . 3 2 7 0 0 . 4 8 4 1 2 . 5 9 6 8 1 . 7 6 6 8 
31 0 . 4 3 5 7 0 . 1 6 9 8 0 . 2 3 7 7 0 . 1 9 2 4 2.3710 2 . 5 9 1 7 0 . 3 4 5 2 0 . 4 9 2 3 2.4050 1.6863 
32 0 . 4 3 2 1 0 . 1 5 9 5 0 . 2 1 6 1 0 . 1 7 4 9 2 . 2 5 8 4 2 . 6 4 9 4 0 . 3 1 3 8 0 . 4 8 8 7 2 . 3 4 0 7 1 . 6 5 6 5 
33 0 . 3 8 2 0 0 . 1 5 0 9 0 . 2 0 7 5 0 . 1 8 3 9 2 . 1 6 4 5 2 . 6 7 3 8 0 . 2 9 2 4 0 . 4 5 7 4 2 , 3 1 0 7 1.6222 
34 0 . 3 6 1 3 0 . 1 5 2 4 0 . 2 0 4 6 0 . 1 8 7 2 2 . 0 7 2 0 2 . 4 6 8 1 0 . 2 9 6 0 0 . 4 4 4 0 2 . 2 0 6 9 1 . 5 6 7 1 
35 0 . 3 5 1 7 0 . 1 3 7 4 0 . 1 9 0 0 0 . 2 0 6 1 1 . 9 5 2 3 2 . 2 9 1 8 0 . 2 9 5 1 0 . 4 6 0 8 2 . 0 4 1 2 1.5441 
36 0 . 4 1 6 3 0 . 1 1 7 2 0 . 1 9 4 0 0 . 2 5 0 6 1 . 9 4 4 2 2 . 2 8 3 7 0 . 3 1 9 3 0 . 4 9 3 1 2 . 0 3 3 1 1.5441 
37 0 . 4 2 4 4 0 . 0 9 7 0 0 . 1 9 8 1 0 . 2 7 0 8 1 . 9 4 4 2 2 . 3 5 6 5 0 . 3 2 3 4 0 . 4 7 2 9 1.8230 1.5158 
38 0 . 4 2 8 5 0 . 1 0 5 1 0 . 2 1 4 2 0 . 2 7 4 9 1 . 9 4 4 2 2 . 3 6 8 6 0 . 3 1 5 3 0 . 4 5 6 7 1 . 7 6 2 3 1.5602 
39 0 . 4 6 4 8 0 . 1 0 9 1 0 . 2 1 4 2 0 . 2 5 8 7 1 . 7 9 8 7 2 . 3 4 0 3 0 . 3 2 3 4 0 . 4 4 4 6 1.7219 1.5602 
40 0 . 4 5 2 7 0 . 0 9 3 0 0 . 2 3 8 5 0 . 2 3 8 5 1 . 9 1 1 9 2 . 3 8 8 8 0 . 3 3 9 5 0 . 4 6 4 8 1 . 7 0 1 7 1.6006 
41 0 . 4 9 3 1 0 . 0 7 2 8 0 . 2 1 8 3 0 . 2 5 0 6 1 . 9 4 8 3 2 . 4 8 1 8 0 . 3 3 5 5 0 . 4 6 4 8 1.6209 1.6370 , 
42 0 . 4 7 2 9 0 . 0 6 0 6 0 . 2 1 4 2 0 . 2 3 8 5 1 . 8 5 1 2 2 . 2 9 5 9 0 . 3 0 3 2 0 . 4 6 0 8 1.6168 1 . 8 1 4 9 
43 0 . 4 6 0 8 0 . 0 8 0 8 0 . 1 6 5 7 0 . 2 1 8 3 1 . 6 8 9 6 2.1140 0 . 2 7 4 9 0 . 4 3 2 5 1.5804 1.7138 
X V 
0 . 4 5 6 7 0 . 0 6 0 6 0 . 1 5 7 6 0 . 2 4 6 6 1 . 6 3 7 0 2 . 1 3 4 2 0 . 2 5 0 6 0 . 4 2 8 5 1 . 5 9 2 6 1 . 7 2 1 9 
45 0 . 5 2 5 5 0 . 0 6 8 7 0 . 1 4 5 5 0 . 2 5 8 7 1 . 5 9 6 6 2 . 2 1 5 0 0 . 2 3 4 4 0 . 4 0 42 1 . 6 0 0 6 1 J 2 5 9 
0 . 4 3 6 5 0 . 0 5 6 6 0 . 1 5 7 6 0 . 2 7 0 8 1 . 5 6 4 3 2 . 0 6 5 5 0 . 2 4 2 5 0.4042 1 . 5 0 3 6 1 . 6 2 8 9 
47 0 . 4 7 7 0 0 . 0 5 2 5 0 . 1 5 3 6 0 . 2 2 6 4 1 . 5 2 3 8 1 . 9 2 4 0 0 . 2 4 6 6 0 . 4 1 6 3 1 . 4 0 2 6 1 . 5 7 2 3 
48 0 . 5 0 9 3 0 . 0 4 0 4 0 . 1 8 1 9 0 . 2 183 1 . 4 9 5 5 1 . 9 7 2 5 0 . 2 4 2 5 0 . 4 2 0 4 1 . 3 9 4 5 
0 . 5 1 3 3 0 . 0 4 6 5 0 . 1 8 1 9 0 . 1 9 0 0 1 . 5 3 6 0 2 . 0 5 3 3 0 . 2 4 2 5 0 . 3 9 6 1 1 . 4 5 9 2 1 . 5 2 7 9 
50 0 . 4 3 2 5 0 . 0 606 0 . 1 8 1 9 0 . 1 2 5 3 1 . 5 1 5 8 2 . 2 5 5 4 0 . 2 1 8 3 0 . 4 0 8 2 1 . 3 5 0 0 U 8 7 5 
51 0 . 3 7 5 9 0 . 0 6 8 7 0 . 1 6 9 8 0 . 0 9 0 9 1 . 2 8 5 4 2 . 2 0 2 9 0 . 1 9 8 1 0 . 4 0 0 2 1 . 2 5 3 0 1 . 5 3 1 9 
52 0 . 3 5 9 7 0 . 0 4 8 5 0 . 1 4 1 5 0 . 0 7 2 8 1 . 2 6 7 2 2 . 1 8 2 7 0 . 1 9 4 0 0 . 3 8 8 0 1 . 2 1 2 6 1 . 4 5 9 2 
53 0 . 3 2 3 4 0 . 0 4 4 5 0 . 1 2 9 3 0 . 0 7 6 8 1 . 4 2 0 8 2 . 1 8 6 7 0 . 1 8 1 9 0 . 3 7 5 9 1 . 1 6 4 1 1 . 4 6 7 3 
54 0 . 3 3 1 4 0 . 0 5 0 5 0 . 0 9 7 0 0 . 0 7 8 8 1 . 3 3 5 9 2 . 1 5 4 4 0 . 1 9 0 0 0 . 3 5 9 7 1 . 1 1 9 6 1 . 4 7 5 3 
55 0 . 2 9 5 1 0 . 0 5 8 6 0 . 1 0 1 1 0 . 0 6 0 6 1 . 2 9 5 5 2 . 1 3 4 2 0 . 2 0 6 1 0 . 3 4 3 6 1 . 1 0 3 5 1 . 4 9 1 5 
56 0 . 2 8 0 9 0 . 0 6 8 7 0 . 1 0 9 1 0 . 0 6 4 7 1 . 2 8 3 3 2 . 1 3 0 1 0 . 2 2 6 4 0 . 3 4 7 6 1 . 0 6 7 1 1 . 2 9 3 4 
57 0 . 2 7 0 8 0 . 0 6 0 6 0 . 1 3 3 4 0 . 0 6 4 7 1 . 2 5 9 1 2 . 1 0 9 9 0 . 2 3 8 5 0 . 3 3 9 5 1 . 0 6 7 1 1 * 2 9 3 4 
58 0 . 2 4 6 6 0 . 0 6 4 7 0 . 1 2 1 3 0 . 0 2 6 3 1 . 2 6 7 2 2 . 0 0 0 8 0 . 2 4 6 6 0 . 3 3 1 4 1 . 0 2 2 6 1 . 2 9 7 5 
59 0 . 2 0 6 1 0 . 0 7 2 8 0 . 1 3 3 4 0 . 0 3 4 4 1 . 2 8 3 3 1 . 8 5 1 2 0 . 2 2 6 4 0 . 3 2 3 4 0 . 9 9 8 4 1 : 2 7 3 2 
60 0 . 2 6 6 8 0 . 0 8 4 9 0 . 1 2 1 3 0 . 0 2 2 2 1 . 2 7 1 2 1 . 9 0 7 8 0 . 2 1 8 3 0 . 3 1 7 3 0 . 9 8 2 2 1 , 3 0 5 6 
61 0 . 2 4 8 6 0 . 0 8 8 9 0 . 1 2 5 3 0 . 0 5 2 5 1 . 2 5 1 0 1 . 8 7 1 5 0 . 2 1 0 2 0 . 3 1 7 3 0 . 9 6 2 0 1 . 3 0 5 6 
62 0 . 2 2 0 3 0 . 0 9 9 0 0 . 0 8 6 9 0 . 0 5 2 5 1 . 2 3 4 8 1 . 8 9 1 7 0 . 1 9 0 0 0 . 3 1 7 3 0 . 9 5 3 9 1 . 2 9 3 4 
63 0 . 2 1 2 2 0 . 1 0 1 1 0 . 0 9 9 0 0 . 0 5 0 5 1 . 2 1 4 6 1 . 8 7 5 5 ' 0 . 1 6 9 8 0 . 3 1 7 3 0 . 9 4 5 8 1 . 3 1 7 7 
0 . 2 4 8 6 0 . 1 0 3 1 0 . 1 0 1 1 0 . 0 8 0 8 1 . 2 2 4 7 1 . 8 7 9 5 0 . 1 6 1 7 0 . 2 8 5 0 0 . 9 8 2 2 1 . 3 1 7 7 
65 0 . 2 8 9 0 0 . 1 0 7 1 0 . 1 0 1 1 0 . 0 8 6 9 1 . 2 2 4 7 2 . 2 6 3 5 0 . 1 4 5 5 0 . 3 0 5 2 1 . 0 7 1 1 1 . 2 7 3 2 
0.2769 0.1192 0 . 1 0 1 1 0 . 0 9 7 0 1 . 0 1 2 5 2.3080 0.1253 0.2971 1 . 1 1 1 6 1.2934 
67 0 . 2 6 2 7 0 . 1 2 3 3 0 . 1 0 1 1 0 . 0 9 7 0 0 . 9 3 5 7 2 . 3 8 0 8 0 . 1 2 5 3 0 . 2 8 5 0 1 . 0 9 9 4 1 . 2 5 7 1 
0 . 2 5 2 6 0 . 1 1 3 2 0 . 1 1 3 2 0 . 0 9 5 0 0 . 9 1 5 5 2 . 3 4 4 4 0 . 1 0 5 1 0 . 2 7 6 9 1 . 1 1 1 6 1 . 2 0 0 5 
69 0 . 2 3 8 5 0 . 1 1 7 2 0 . 1 1 9 2 0 . 0 9 7 0 0 . 8 8 9 2 2 . 3 1 8 1 0 . 0 9 5 0 0 . 2 8 0 9 1 . 1 2 7 7 1 . 1 3 5 8 
70 0 . 2 3 0 4 0 . 1 1 1 2 0 . 1 1 9 2 0 . 1 0 1 1 0 . 8 3 6 7 2 . 2 7 7 7 0 . 0 6 2 7 0 . 2 6 8 8 1 . 1 3 5 8 1 . 1 2 7 7 
71 0 . 2 3 0 4 0 . 1 0 9 1 0 . 1 2 3 3 0 . 1 0 1 1 0 . 8 1 6 5 2 . 2 9 3 8 0 . 0 5 4 6 0 . 2 7 2 8 1 . 1 5 6 0 1 . 1 0 1 5 
72 0 . 2 2 2 3 0 . 1 1 3 2 0 . 1 2 3 3 0 . 1 0 7 1 0 . 8 1 2 4 2 . 3 8 2 8 0 . 0 5 2 5 0 . 2 5 4 6 1 . 1 9 6 4 1 . 0 8 9 3 
73 0 . 1 9 2 0 0 . 1 0 9 1 0 . 1 1 5 2 0 . 1 0 7 1 0 . 8 0 0 3 2 . 4 5 5 5 0 . 0 6 0 6 0 . 2 5 8 7 1 . 2 2 8 8 1 . 0 9 7 4 
74 0 . 2 0 2 1 0 . 1 1 7 2 0 . 1 2 7 3 0 . 1 3 3 4 0 . 7 8 8 2 2 . 4 3 5 3 0 . 0 8 0 8 0 . 2 6 2 7 1 . 2 7 3 2 1 . 1 1 7 6 
75 0 . 2 0 2 1 0 . 1 2 5 3 0 . 1 3 5 4 0 . 1 3 9 4 0 . 8 2 4 6 2 . 5 0 4 0 0 . 0 8 8 9 0 . 2 7 0 8 1 . 3 5 4 1 1 , 1 5 4 0 
76 0 . 2 0 0 1 0 . 1 1 9 2 0 . 1 3 9 4 0 . 1 5 5 6 0 . 8 2 0 5 2 . 5 0 0 0 0 . 0 9 7 0 0 . 2 7 0 8 1 . 3 1 3 7 1 . 1 0 9 5 
77 0 . 2 0 8 2 0 . 1 1 9 2 0 . 1 3 5 4 0 . 1 5 7 6 0 . 8 0 8 4 2 . 5 6 8 7 0 . 0 9 7 0 0 . 2 5 0 6 1 . 3 4 6 0 1 . 1 3 7 8 
78 0 . 1 6 5 7 0 . 1 1 7 2 0 . 1 2 7 3 0 . 1 5 1 6 0 . 8 0 8 4 2 . 5 6 4 7 0 . 0 8 4 9 0 . 2 7 0 8 1 . 1 6 4 1 1 . 1 3 7 8 
79 0 . 1 4 5 5 0 . 1 1 7 2 0 . 1 3 1 4 0 . 1 4 7 5 1 . 0 1 8 6 2 . 4 0 3 0 0 . 0 9 7 0 0 . 2 5 8 7 1 . 0 7 5 2 1 . 0 7 7 2 
80 0 . 1 4 1 5 0 . 1 1 3 2 0 . 1 2 3 3 0 . 1 3 7 4 1 . 0 2 6 7 2 . 5 4 0 4 0 . 1 0 1 1 0 . 2 6 6 8 1 . 4 1 8 7 1 . 0 4 8 9 
81 0 . 1 4 5 5 0 . 1 0 9 1 0 . 1 3 1 4 0 . 1 5 7 6 1 . 0 4 6 9 2 . 4 6 7 7 0 . 1 0 1 1 0 . 2 8 2 9 1 . 4 6 3 2 1 . 0 2 8 7 
82 0 . 1 5 1 6 0 . 1 1 7 2 0 . 1 3 5 4 0 . 1 6 1 7 1 . 0 7 9 2 2 . 5 1 2 1 0 . 1 1 3 2 0 . 2 8 7 0 1 . 4 5 1 1 1 . 0 5 2 9 ‘ 
83 0 . 1 4 9 6 0 . 1 0 9 1 0 . 1 3 3 4 0 . 1 6 1 7 1 . 0 8 1 2 2 . 5 0 6 1 0 . 1 3 1 4 0 . 2 9 5 1 1 . 4 6 7 3 1 . 0 8 1 2 
84 0 . 1 5 7 6 0 . 1 0 9 1 0 . 1 2 5 3 0 . 1 6 1 7 1.1136 2 . 4 9 8 0 0 . 1 5 5 6 0 . 2 9 9 1 1 . 4 7 9 4 1 . 0 3 6 8 
85 0 . 1 5 9 7 0 . 1 1 5 2 0 . 1 3 3 4 0 . 1 6 1 7 1 . 2 5 1 0 2 . 6 6 3 7 0 . 1 5 5 6 0 . 2 9 5 1 1 . 5 1 9 8 1 . 1 0 7 5 
86 0 . 2 1 2 2 0 . 1 5 5 6 0 . 1 7 3 8 0 . 2 0 2 1 1 . 5 0 1 6 3 . 2 2 9 6 0 . 4 2 4 4 0 . 5 6 3 9 1 . 7 2 5 9 1 . 3 2 5 8 
x v i 
87 0 . 2 2 2 3 0 . 1 7 9 9 0 . 1 7 3 8 0 . 1 9 8 1 1 . 4 8 9 5 3 . 2 8 6 2 0 . 4 3 6 5 0 . 5 6 3 9 1 . 7 0 1 7 1 . 3 0 5 G 
38 0 . 2 1 6 2 0 . 1 7 5 8 0 . 1 6 5 7 0 . 1 7 5 8 1 . 4 8 5 4 3 . 2 6 6 0 0 . 4 3 2 5 0 . 5 4 1 6 1 . 6 6 9 4 1 . 2 7 3 2 
89 0 . 2 1 4 2 0 . 1 6 7 7 0 . 1 5 1 6 0 . 1 6 7 7 1 . 4 4 5 0 3 . 2 2 1 5 0 . 4 3 6 5 0 . 5 2 1 4 1 . 5 9 2 6 1 . 2 4 9 0 
90 0 . 2 1 2 2 0 . 1 6 3 7 0 . 1 4 7 5 0 . 1 4 7 5 1 . 4 4 5 0 3 . 2 3 7 7 0 . 4 4 8 7 0 . 5 2 5 5 1 . 6 2 0 9 1 . 2 9 3 4 
91 0 . 2 0 0 1 0 . 1 6 7 7 0 . 1 3 9 4 0 . 1 5 1 6 1 . 4 3 2 9 3 . 3 0 6 4 0 . 4 7 2 9 0 . 5 3 3 5 1 . 5 6 0 2 1 . 2 0 8 6 
92 0 . 2 1 4 2 0 . 1 6 9 8 0 . 1 3 7 4 0 . 1 4 3 5 1 . 4 3 9 0 3 . 3 1 0 4 0 . 7 0 7 4 0 . 5 3 3 5 1 . 4 5 9 2 1 . 2 1 0 6 
93 0 . 2 2 6 4 0 . 1 8 5 9 0 . 1 2 9 3 0 . 1 5 1 6 1 . 3 9 0 5 3 . 0 4 7 7 0 . 7 1 5 4 0 . 5 1 7 4 1 . 5 4 0 0 1 . 1 6 6 1 
0 . 2 1 8 3 0 . 1 7 7 8 0 . 1 2 9 3 0 . 1 4 9 6 1 . 4 0 6 6 2 . 9 5 0 7 0 . 7 4 3 7 0 . 5 0 9 3 1 . 1 7 6 2 1 . 1 3 7 8 
95 0 . 2 1 2 2 0 . 1 7 3 8 0 . 1 2 1 3 0 . 1 2 9 3 1 . 3 9 8 5 2 . 9 9 5 1 0 . 7 5 1 8 0 . 5 0 1 2 1 . 1 4 3 9 1 . 1 2 9 7 
96 0 . 2 0 4 1 0 . 1 7 3 8 0 . 1 1 3 2 0 . 1 2 9 3 1 . 3 9 0 5 3 . 1 0 4 3 0 . 7 5 1 8 0 . 4 9 7 2 1 . 1 7 6 2 1 . 1 0 1 5 
97 0 . 2 0 8 2 0 . 1 7 3 8 0 . 1 0 9 1 0 . 1 2 9 3 1 . 4 2 2 8 3 . 0 4 7 7 0 . 7 6 3 9 0 . 4 8 5 0 1 . 1 3 9 8 1 . 0 6 9 1 
98 0 . 2 0 2 1 0 . 1 7 3 8 0 . 1 1 3 2 0 . 1 2 3 3 1 . 4 1 0 7 3 . 0 1 5 3 0 . 7 6 3 9 0 . 4 7 2 9 1 . 1 1 5 6 1 . 0 6 1 0 
0 . 2 0 2 1 0 . 1 6 9 8 0 . 1 0 9 1 0 . 1 2 7 3 1 . 3 0 9 6 2 . 7 8 5 0 0 . 7 7 2 0 0 . 4 7 7 0 1 . 0 2 2 6 0 . 9 8 0 2 
100 0 . 1 8 1 9 0 . 1 3 3 4 0 . 0 6 4 7 0 . 0 8 6 9 1 . 1 0 7 5 2 . 1 9 8 9 0 . 5 2 1 4 0 . 2 3 4 4 0 . 7 5 9 9 0 . 7 2 1 5 " 
101 0 . 1 7 7 8 0 . 1 1 3 2 0 . 0 6 0 6 0 . 0 8 2 9 1 . 1 3 9 8 2 . 1 0 9 9 0 . 5 4 1 6 0 . 2 5 0 6 0 . 7 3 1 6 0 . 7 0 5 3 
102 0 . 1 9 4 0 0 . 1 3 7 4 0 . 0 5 8 6 0 . 0 9 5 8 1 . 1 4 7 9 2 . 0 3 3 1 0 . 5 4 1 6 0 . 2 4 6 6 0 . 7 6 8 0 0 . 7 2 5 5 
103 0 . 2 1 0 2 0 . 1 3 7 4 0 . 0 5 8 6 0 . 0 9 1 8 1 . 1 8 0 3 2 . 0 9 7 8 0 . 5 3 7 6 0 . 2 5 4 6 0 . 7 8 4 2 0 . 7 0 1 3 
104 0 . 2 3 0 4 0 . 1 3 9 4 0 . 0 6 0 6 0 . 0 9 5 8 1 . 2 0 8 6 2 . 0 9 3 8 0 . 5 4 5 7 0 . 2 4 6 6 0 . 8 6 5 0 0 . 6 6 0 9 
105 0 . 2 4 2 5 0 . 1 5 5 6 0 . 0 8 0 8 0 . 1 1 2 0 1 . 2 0 4 5 2 . 0 0 8 9 0 . 5 6 1 8 0 . 3 0 7 2 0 . 9 6 6 0 0 . 7 5 7 9 
106 0 . 2 5 8 7 0 . 1 6 7 7 0 . 0 8 4 9 0 . 1 2 0 0 1 . 2 0 0 5 2 . 0 0 8 9 0 . 3 7 9 9 0 . 2 9 9 1 0 . 9 6 6 0 0 . 7 5 7 9 
107 0 . 2 6 7 6 0 . 1 6 7 7 0 . 0 9 7 0 0 . 1 1 2 0 1 . 0 7 9 2 1 . 8 8 7 6 0 . 3 9 2 1 0 . 3 0 7 2 0 . 9 5 3 9 0 . 8 0 2 3 
108 0 . 2 9 9 9 0 . 1 7 1 8 0 . 0 9 7 0 0 . 1 1 6 0 1 . 0 9 5 4 1 . 7 9 0 6 0 . 3 7 9 9 0 . 3 0 3 2 0 . 9 6 6 0 0 . 8 0 2 3 
109 0 . 3 0 8 0 0 . 1 8 3 9 0 . 1 0 7 1 0 . 1 2 4 1 1 . 1 4 3 9 1 . 8 0 6 8 0 . 3 6 7 8 0 . 3 1 5 3 0 . 9 7 4 1 0 . 8 2 2 6 
110 0 . 3 1 6 1 0 . 1 5 5 6 0 . 0 9 5 0 0 . 0 9 9 8 1 . 1 1 1 6 1 . 6 9 3 6 0 . 3 5 9 7 0 . 2 9 9 1 0 . 9 4 5 8 0 . 8 5 0 8 
111 0 . 3 2 2 1 0 . 1 6 0 5 0 . 0 9 3 0 0 . 0 9 9 8 1 . 0 7 5 2 1 . 6 5 7 2 0 . 3 4 7 6 0 . 3 0 3 2 0 . 9 5 3 9 0 . 8 4 2 8 
112 0 . 3 3 0 2 0 . 1 6 3 3 0 . 0 9 5 4 0 . 1 0 1 9 1 . 0 5 9 0 1 . 6 9 7 6 0 . 3 5 9 7 0 . 3 1 1 2 0 . 9 3 7 7 0 . 8 3 0 6 
113 0 . 3 3 4 3 0 . 1 6 3 3 0 . 0 9 3 0 0 . 1 0 0 6 1 . 0 6 3 1 1 . 7 1 3 8 0 . 3 6 7 8 0 . 3 1 9 3 0 . 9 5 3 9 0 . 8 3 0 6 
114 0 . 3 1 0 0 0 . 1 6 7 3 0 . 1 0 1 1 0 . 1 1 8 8 1 . 0 4 6 9 1 . 7 3 8 1 0 . 3 5 5 7 0 . 2 9 1 0 0 . 9 7 4 1 0 . 8 3 4 7 
115 0 . 3 3 4 3 0 . 1 7 9 5 0 . 1 1 7 2 0 . 1 0 2 7 1 . 1 4 3 9 1 . 8 2 7 0 0 . 3 5 5 7 0 . 3 1 1 2 0 . 9 9 8 4 0 . 8 6 3 0 
U 6 0 . 3 3 4 3 0 , 1 5 1 2 0 . 1 2 3 3 0 . 0 8 9 7 1 . 1 8 4 3 1 . 9 9 6 8 0 . 3 5 9 7 0 . 3 2 7 4 0 . 9 8 2 2 0 . 8 5 4 9 ’ 
117 0 . 3 3 0 2 0 . 1 5 9 3 0 . 1 2 5 3 0 . 0 9 3 8 1 . 2 3 6 9 2 . 0 9 7 8 0 . 3 7 9 9 0 . 3 7 9 9 1 . 0 0 2 4 0 . 9 1 5 5 
118 0 . 3 1 8 1 0 . 1 6 5 3 0 . 1 2 9 3 0 . 0 8 9 7 1 . 2 8 1 3 2 . 1 8 2 7 0 . 3 7 1 9 0 . 4 0 8 2 0 . 9 2 9 7 0 . 9 3 5 7 
m 0 . 3 1 8 9 0 . 1 5 5 6 0 . 1 1 3 2 0 . 0 7 3 6 1 . 3 4 2 0 2 . 2 4 7 4 0 . 3 5 5 7 0 . 3 7 5 9 0 . 8 4 8 8 0 . 9 0 7 4 
120 0 . 2 9 9 5 0 . 1 4 1 9 0 . 1 0 1 1 0 . 0 6 5 5 1 . 1 4 7 9 1 . 7 4 6 2 0 . 3 2 7 4 0 . 3 8 4 0 0 . 6 1 0 3 0 . 6 9 9 3 
x v i i 
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